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Summary 
The main goal of this dissertation is a comprehensive evaluation of exfiltration 
from leaky sewer pipes. Therefore, several methods for determining exfiltration 
are thoroughly described and two approaches are considered for extensive real 
sewer network testing in order to evaluate their application potential. These two 
methods estimate sewage loss by a tracer mass balance over a certain sewer 
distance. Exfiltration rates were estimated in 26 pipes located in 5 homogeneous 
subcatchments in Berlin and Dresden. Consequently analysing the experiences 
gained during the conducted measuring campaign, requirements on 
measurements in sewers in general and experimental design of the tracer tests in 
particular are discussed. A second focus was on modelling of sewer leakage and 
sewer deterioration. Variables which have significant effects on sewer leakage 
and deterioration have been identified according to the literature review and 
available data. Modelling approaches were proposed on the basis of (i) Darcy’s 
law and (ii) regression models for both data on sewer leakage derived from 
literature/tracer tests conducted within this work and data on sewer deterioration 
for the Dresden sewerage system. The dissertation concludes with a discussion 
on the relevance of sewer exfiltration, in particular its pollution potential for the 
environment is evaluated. 
 
 Zusammenfassung 
Die vorliegende Dissertation hat die Bewertung und Modellierung der 
Exfiltration undichter Abwasserkanäle zum Thema. Verschiedene Methoden zur 
Bestimmung der Exfiltration werden ausführlich beschrieben. Es wurden 
Tracermethoden ausgewählt, in 5 Teileinzugsgebieten von Berlin und Dresden 
eingesetzt und bezüglich ihrer Anwendbarkeit in kommunalen Kanalnetzen 
bewertet. Tracermethoden ermitteln die Exfiltration mit einer 
Tracermassenbilanz über eine definierte Kanalstrecke. Ausgehend von diesen 
Messungen wurden Anforderungen an das Messen im Kanal und die 
Anwendung von Tracermassenbilanzen zur Bestimmung der Exfiltration 
formuliert. Ein anderer Schwerpunkt umfasst die Modellierung der Exfiltration 
mit der Identifizierung von Variablen, die Undichtigkeiten bzw. ungenügenden 
Kanalzustand signifikant beeinflussen sowie die Abbildung dieser Variablen in 
einem Model. Es wird die Verwendung eines auf dem Gesetz von Darcy 
basierenden Models vorgeschlagen. Darüber hinaus wurden Regressionsmodelle 
getestet und Signifikanztests durchgeführt. Die Dissertation schließt mit einer 
Diskussion über das Gefährdungspotential der Exfiltration von Abwasser aus 
undichten Kanälen insbesondere für Boden und Grundwasser. 
 
 
Acknowledgement 
This study has been carried out within the framework of the European research 
project APUSS (Assessing Infiltration and Exfiltration on the Performance of 
Urban Sewer Systems) which partners are INSA de LYON (FR), EAWAG 
(CH), Technical University of Dresden (DE), Faculty of Civil Engineering at 
University of Prague (CZ), DHI Hydroinform a.s. (CZ), Hydroprojekt a.s. (CZ), 
Middlesex University (UK), LNEC (PT), Emschergenossenschaft (DE) and 
IRSA-CNR (IT). APUSS is supported by the European Commission under the 
5th Framework Programme and contributes to the implementation of the Key 
Action “Sustainable Management and Quality of Water” within the Energy, 
Environment and Sustainable Development Contract n° EVK1-CT-2000-00072. 
 
 
 
 TABLE OF CONTENTS 
 
1 Introduction .................................................................................................. 1 
2 State of the art in sewer exfiltration investigations................................... 5 
2.1 Modelling of sewer leakage................................................................... 5 
2.1.1 Non-linear approach.......................................................................... 8 
2.1.2 Leakage factor................................................................................... 9 
2.1.3 NEIMO (Network Exfiltration and Infiltration model) .................... 9 
2.2 Exfiltration dynamics.......................................................................... 10 
2.3 Risk potential for soil and groundwater............................................ 12 
2.4 Determination of exfiltration.............................................................. 15 
2.4.1 Indirect Methods ............................................................................. 16 
2.4.2 Direct Methods................................................................................ 20 
2.4.3 Summary ......................................................................................... 26 
2.4.4 Evaluation of methods .................................................................... 28 
3 Evaluation of tracer methods .................................................................... 31 
3.1 Methods ................................................................................................ 31 
3.1.1 Theory ............................................................................................. 31 
3.1.2 Data ................................................................................................. 33 
3.1.3 Experimental setup.......................................................................... 33 
3.1.4 Assessment of uncertainty .............................................................. 34 
3.2 Boundary conditions for the application of tracer tests .................. 35 
3.2.1 Legal and technical preconditions for measurements in sewers..... 35 
3.2.2 Requirements for the application of tracer tests ............................. 36 
3.2.3 Experimental work and data analysis - introduction ...................... 37 
3.3 First measurements ............................................................................. 42 
3.3.1 Parallel application of QUEST and QUEST-C .............................. 42 
3.3.2 QUEST............................................................................................ 44 
3.3.3 Conclusions from the first application of QUEST and QUEST-C. 46 
3.4 QUEST sensitivity analysis................................................................. 48 
3.4.1 Hydrodynamic modelling ............................................................... 49 
3.4.2 Sensitivity of exfiltration on flow regime and damage distribution51 
3.5 Evaluation of practicability of methods to quantify exfiltration .... 54 
4 QUEST and QUEST-C - Extended field study........................................ 57 
4.1 Experiments ......................................................................................... 57 
4.1.1 Measurement campaign in MAL .................................................... 57 
4.1.2 Measurement campaign in LR........................................................ 62 
4.1.3 Measurement campaign in Dresden 2............................................. 66 
4.1.4 Measurements in Dresden-HEL...................................................... 69 
 4.2 Evaluation of exfiltration measurements .......................................... 70 
4.2.1 Summary ......................................................................................... 70 
4.2.2 Comparison with literature results .................................................. 72 
5 From structural sewer data to leakage rates ........................................... 74 
5.1 State of the art in sewer leakage and deterioration modelling........ 74 
5.1.1 Analysis of the structural deterioration of water mains.................. 75 
5.1.2 Sewer deterioration and sewer leakage........................................... 78 
5.1.3 Statistical and deterministic modelling of sewer pipe deterioration ..
 ........................................................................................................ 79 
5.1.4 Summary ......................................................................................... 84 
5.2 Statistical methods............................................................................... 87 
5.3 Conceptual modelling of sewer exfiltration ...................................... 90 
5.3.1 Monte Carlo Simulation of leakage factors .................................... 90 
5.3.2 Identification of variables and correlation analysis ........................ 93 
5.3.3 Transferability of results ................................................................. 97 
5.4 Modelling of sewer deterioration ..................................................... 105 
5.4.1 Analysis of sewer characteristics and condition classes of the 
Dresden sewerage system ............................................................. 107 
5.4.2 Identification of variables affecting pipe deterioration ................ 111 
5.4.3 Investigations on relationships between available data ................ 115 
5.5 Summary ............................................................................................ 120 
5.5.1 Identification analysis ................................................................... 120 
5.5.2 Modelling sewer exfiltration and sewer deterioration .................. 121 
6 Discussion .................................................................................................. 123 
6.1 Can we quantify exfiltration from leaky sewer pipes with tracer 
tests? ................................................................................................... 123 
6.2 Can we predict exfiltration from leaky sewer pipes?..................... 127 
6.2.1 Optimal experimental design ........................................................ 127 
6.2.2 Modelling of sewer exfiltration .................................................... 129 
6.3 Is exfiltration from leaky sewers relevant?..................................... 130 
6.3.1 Interpretation of exfiltration rates ................................................. 130 
6.3.2 Impact of sewage exfiltration on environment ............................. 132 
6.4 How do we deal with exfiltration? ................................................... 134 
6.4.1 Who is concerned?........................................................................ 134 
6.4.2 How do we proceed?..................................................................... 136 
7 Summary and outlook.............................................................................. 138 
 
 
 References…………………………………………………………………… .141 
List of Figures………………………………………………………………… 150 
List of Tables…………………………………………………………………. 152 
Abbreviations………………………………………………………………… 154 
 
Appendix  
Appendix A: Experimental data  
Appendix B: Statistical tests: dependent variable sewer leakage  
Appendix C: Statistical tests: dependent variable sewer deterioration  
Appendix D: Calculation of sample sizes for a 4x3x3 Anova  
 
 
 

1 Introduction 1 
1 Introduction 
Sewer leakage challenges our society. Exfiltrating pollutants might threaten 
valuable groundwater resources; at the same time rehabilitation of deteriorating 
sewer systems represent a heavy economic strain for municipal and private 
finances. Investigations of exfiltration will therefore play a key role in a 
problem-oriented sewer management. Sewer leakage encompasses two distinct 
processes: infiltration of groundwater into the pipe, and exfiltration of 
wastewater from pipes into soil and groundwater. Over the last decade, 
considerable attention has been paid to identify and quantify infiltration. While 
we constantly deepened our general knowledge about the processes controlling 
exfiltration we realized that sewer losses must receive more detailed attention, 
especially if we want to understand the impact of exfiltration on one of our most 
valuable resources: the groundwater. This sets the focus for further research 
effort to both controlling processes and procedural approaches. Two 
contradictory viewpoints concerning the amount and significance of exfiltration 
can be distinguished:   
1. The overall environmental impact of exfiltration from urban sewers is not 
significant due to negligible loss volumes. This contention is based on 
estimates of exfiltration, expressed as a percentage of dry-weather flow 
(dwf), suggesting loss rates of less than 3 % (Fenz et al., 2005). Furthermore, 
pollutants in sewerage are bio-degraded and/or adsorbed during the passage 
of the underlying soil layers. Despite some extreme cases of loss, there is 
little evidence that sewer leakage endangers groundwater resources on a large 
scale (Dohmann, 1995).  
2. Exfiltrating wastewater from sewers is a major source of groundwater 
contamination (Hornef, 1983, Bishop et al., 1998). A number of case studies 
provide evidence that leaky sewers show critical exfiltration rates ranging up 
to more than 3 % dwf. Nevertheless, the studies also acknowledge that the 
impact of exfiltrating wastewater on groundwater strongly depends on the 
water table depth (Eiswirth and Hötzl, 1997, Ellis and Revitt, 2002). 
This obvious contradiction, characterising the international discussion on sewer 
leakage today, clearly shows that there may be a lack of understanding or 
knowledge in terms of processes and time-scale regarding i) the quantity of 
leakage and ii) the impact of sewer leakage on the environment. Despite the 
emerging awareness, exfiltration of wastewater from leaky sewers has not yet 
been considered in rehabilitation planning of sewer operators. This is probably 
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due to the fact that exfiltration is simply not visible during closed-circuit 
television (CCTV) inspection and water loss within small orders of magnitude is 
hardly noticed at the waste water treatment plant (WWTP). As exfiltration from 
sewers does not affect treatment efficiency, there was little motivation for 
WWTP operators to investigate. Disregard of exfiltration in terms of a potential 
threat to the environment and human health is therefore grounded on the lack of 
economic pressure as well as on mere ignorance. This unfortunate situation is 
actually worsened by insufficient methods available for identifying exfiltration 
from leaky sewers, hindering the consolidation of the scientific discussion about 
exfiltration on a sound base.  
This dissertation has been carried out within the framework of the APUSS 
project (Assessing exfiltration and infiltration on the performance of urban 
sewer systems). The main focus of this project has been on the evaluation of 
sewer exfiltration. As a result, two approaches are considered for extensive real 
sewer network testing. The work also refers to other European projects within 
the CITINET cluster, namely AISUWRS (Assessing and improving 
sustainability of urban water resources and systems), investigating on the 
mechanistic process of exfiltration and CARE-S (Computer aided rehabilitation 
of sewer networks), focusing on modelling pipe deterioration.  
In this dissertation, a detailed study of the current literature compares large scale 
approaches, based on groundwater monitoring or the water balance of the 
catchment, and small scale approaches such as pressure testing at single 
damages and house connections. All approaches are discussed with regard to the 
applicability and the comparability of the findings. The determination of sewage 
exfiltration with tracer substances was recently propagated (Knudsen et al., 
1996; Rieckermann et al., 2005a). The tracer tests are based on a mass balance 
over a certain sewer length, assuming tracer loss being equal to sewage 
exfiltration. Moreover, an uncertainty analysis accounts for substantial random 
errors occurring within measurements in sewers as such (e.g. discharge) and 
while applying tracer tests in particular (Rieckermann et al., 2005a). Within this 
dissertation the aforementioned methodology has been extensively tested in real 
sewer networks.  
On the basis of the lessons learned during the conducted measuring campaign 
requirements on measurements in sewers in general and experimental design of 
the tracer tests in particular are discussed. Low quality experiments might be 
caused by inhomogeneities in flow and concentration patterns and poor sewer 
condition beside possible methodological deficiencies. It is assumed that the 
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more homogeneous in structural state and flow pattern the sewer line is, the 
smaller is the uncertainty involved in the particular investigation. This has 
already been acknowledged in empirical equations of dispersion coefficients that 
are based on uniform sewer sections (Rieckermann et al., 2005b; Huismann et 
al., 2000; Sooky, 1969). 
The lack of measurements in real sewers and the yet somewhat crude state of the 
art sewer leakage models also play a key role in opening the way towards a 
more integrated understanding, monitoring and mitigation of sewer leakage in 
the future (Rutsch et al., 2006). For rehabilitation planning it would be of 
outstanding importance if direct correlations of CCTV recorded damages, asset 
data, and exfiltration rates would exist. In this context, Franz and Krebs (2005) 
argue that similar pipe and catchment characteristics induce similar leakage 
rates. Empirical models (e.g. Davies et al., 2001b; Müller, 2002; Baur and Herz, 
2002) investigate on a relationship between pipe deterioration and asset data or 
sewer leakage and damage formats (Ullmann, 1994; Dohmann et al., 1999). A 
different approach is the application of Darcy’s law, wherein a linear 
dependency between hydraulic gradient, cross-sectional leakage area and 
discharge volume is assumed. It has been applied (i.e. Rauch and Stegner, 1994; 
Karpf and Krebs, 2005) introducing a leakage factor, which describe the 
permeability of pipes corresponding to water level and leakage area or wetted 
perimeter of sewers, thus avoiding the assessment of mostly unknown soil 
conditions. In the presented dissertation, the results of the experiments, together 
with asset data and CCTV records, are statistically analysed to identify variables 
possibly having effects on sewer deterioration or sewer leakage and to establish 
a model on the subject of sewer leakage. In order to circumvent the deficiencies 
arising from the small number of measurements at hand the fusion of results 
from different studies on exfiltration into one model was tested.  
The dissertation is structured as follows: 
- Chapter 2 reviews critically methods quantifying sewer exfiltration on 
different scales (catchment, pipes and pipes, laboratory) and exfiltration 
rates obtained.  
- Chapter 3 describes and evaluates tracer tests to measure exfiltration. Pros 
and cons of tracer methods and test sites are specified to perform such 
measurements properly. By means of hydrodynamic simulation the 
sensitivity of the parameters discharge and leak distribution on exfiltration 
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is tested. According to the results of the simulation study the limits of the 
applied methods are discussed. 
- Chapter 4 details the conduction and results of the field study applying 
tracer tests.  
- Chapter 5 focuses on modelling sewer leakage by means of sewer and 
catchment characteristics. Modelling approaches used in different studies 
are reviewed. Statistical evaluation identifies variables affecting pipe 
deterioration and/or sewer leakage and their relation. The joint evaluation 
of various studies on exfiltration yield statements on the transferability of 
results. Darcy’s law is used to describe the exfiltration process in a Monte 
Carlo Simulation (MCS) in order to identify the permeability of the 
soil/pipe interface for the experiments.  
- Chapter 6 discusses the relevance of sewer exfiltration according to the 
results obtained within this study. Tracer methods are critically evaluated 
according to its applicability in sewer networks. An optimal experimental 
design is proposed in order to properly model sewer leakage by means of 
statistical analysis. 
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2 State of the art in sewer exfiltration investigations 
2.1 Modelling of sewer leakage 
Sewer exfiltration is a complex process. Influential factors are: i) wastewater 
discharge/water level, ii) wastewater compounds, iii) processes at the interface 
pipe/soil (bedding, type of defect, pipe material), iv) soil properties (hydraulic 
conductivity, water table). Besides, spatio-temporal variations of the factors 
aggravate system complexity. It is difficult to monitor sewer exfiltration, 
because sewers are buried in the ground and exfiltration is not visible. Soil 
properties are changing due to percolation by sewage water and the succeeding 
processes, namely: colmation, surface clogging, and biological degradation.  
Depending on the water table, ex- or infiltration processes occur. In case of a 
water table below the invert level, wastewater exfiltrates to the mostly 
unsaturated ground, leaky sewers assumed. It is also assumed that the sewer is 
bedded in a more or less intact sand/gravel bed. Thereafter, the unsaturated zone 
is followed by the capillary zone and saturated zone (Figure 1). The unsaturated 
zone contains soil moisture, which is stored contrary to gravitation: adsorbed 
and capillary water.  
 
Unsaturated zone
Capillary zone 
Saturated zone 
Pipe with water level h and leakage area ALeak 
Hypothetical colmation zone due to sewer leakage 
with coefficient of permeability kf and depth of soil 
or colmation layer ∆s 
Bedding zone 
Ground surface 
 
Figure 1: Schematic illustration of exfiltration from leaky pipes located above the water 
table 
In an initial state (starting exfiltration), the exfiltration rate is low due to high 
soil moisture tension of the dry soil. The velocity is increasing with increasing 
soil-moisture tension, until it reaches a small non-transient value, which is called 
percolation rate and is equivalent to the permeability coefficient in saturated soil 
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conditions. Permeability K is determined by size and continuity of the pores. In 
dry soil, water is adhered in the soil by low potentials and restricted to small 
pores and slim water films - the velocity of water in unsaturated soils is much 
lower than the velocity of water in saturated soils. The direction of the 
movement of the water is determined by the difference in the total potential not 
by the water content in the soil. With increasing bio mass in soil, the water 
content also increases, the water content is directly proportional to the bio mass 
content in the soil, yet, water conductivity does not increase as pore volume is 
occupied by bio mass (Schwager and Boller, 1997). At high hydraulic loads the 
formation of preferential pathways is possible, biodegradation is less efficient 
and wastewater pollutants might reach the groundwater. Okubo and Matsumoto 
(1983) divide exfiltration into three stages on the basis of changes in the water 
quality, head losses, and hydraulic conductivity during inundation period.  
• The exfiltration rate decreases rapidly with the reduction of dissolved 
oxygen due to aerobic microbial growth.  
• The exfiltration rate is almost constant or increases slightly. The aerobic 
microbial growth is limited by the lower DO level.  
• The exfiltration rate decreases rapidly as biological clogging appears in 
spite of anaerobic conditions in the surface layer. 
 
The clogging process is reversible through recovery periods, depending on 
weather and climate conditions (Platzer and Mauch, 1997). Oxygen input by 
diffusive transport is very unlikely to occur in most of the cases, as the soil 
below leakages has no contact to atmospheric air. Starting with an initial aerobic 
degradation of wastewater pollutants, oxygen is consumed. Further degradation 
can thus only take place in anaerobic conditions, which make the process slow. 
Furthermore, distinct species of microorganisms are the prerequisite for 
anaerobe biodegradation. Unfortunately, anaerobic conditions in e.g. constructed 
wetlands are not documented; investigations on colmation and soil clogging are 
mostly restricted to colmation. 
Modelling of sewer leakage aims in general at predicting leakage rates at the 
pipe soil interface. In literature it is referred to two approaches. The equation of 
Torricelli (equation 1) describes the free discharge to air:  
ghAQ 2⋅⋅= µ          equation 1  
2.1 Modelling of sewer leakage 7 
with Q  discharge, µ  coefficient of outflow, A  area of outlet, g  gravitational 
acceleration, and h  water level. However, the Torricelli equation fails to 
consider the surrounding soil with the incorporated gravitational acceleration, 
thus current state-of-the-art approaches model leakage using Darcy’s law 
wherein a linear dependency between the gradient of water level ( h ) and depths 
of the soil column ( s∆ ), coefficient of permeability ( fk ), leakage area of the 
pipe ( LeakA ), and exfiltration flow rate ( exQ ) is assumed (equation 2, Figure 1):  
s
hkAQ fLeakex ∆⋅=  equation 2 
According to Fredlund and Rahardjo (1993), the law can be applied for both, 
saturated and unsaturated soils. In unsaturated soils, the coefficient of 
permeability is a function of the matrix suction of the soil. The matrix suction 
exerted by the soil material (matrix) induces water to flow in unsaturated soil. It 
is a negative pressure that results from the combined effects of adsorption and 
capillarity due to the soil matrix. Water flows from a soil with low matrix 
suction (a wet soil) to soil with a high matrix suction (a dry soil).  
Although, the Darcy approach has proven to describe sewer leakage more 
accurate than a Torricelli-type model, two weaknesses should be emphasised. 
First, the assumption of a linear relationship between discharge and water level 
might prove too simplistic. The linear relationship of Darcy's law is valid in the 
range of laminar flow only. Hence, an implicit assumption in this program is 
that flow conditions inside soil pores are laminar. In general, there is a high 
spatial variability of soils in horizontal and vertical direction as well, in 
particular with respect to their hydraulic properties. It must be pointed out that 
where preferential flow paths dominate the flow characteristics in the subsoil 
(Powell et al., 2003) – as occurs e.g. during prolonged dry periods – the use of 
the Darcian model may become inappropriate. Second, Darcy’s law as a 
mechanistic approach is considered to be appropriate to model leakage of clear 
water. But dynamic changes in wastewater composition, processes in the 
underlying soil and changing soil/groundwater properties might additional 
require input factors for the modelling of sewer leakage.  
The next 3 subchapters briefly describe approaches to model sewer exfiltration, 
all based on Darcy’s law.  
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2.1.1 Non-linear approach 
In the field of exchange processes between rivers and aquifers, Rushton and 
Tomlinson (1979) point out that the leakage computed with the linear Darcy 
approach is much greater at times of very high river flow than would occur in 
practice. It takes no account of the increased resistance of the soil to the passage 
of water as its volume increases. Thus, they propose a nonlinear relationship 
(equation 3) for groundwater recharge  
)1(1 2 −⋅= ∆⋅ hKeKq   for 0≥∆h  equation 3 
with q  the flow between river and aquifer per m river length [m3m-1s-1], 1K  a 
constant representing the streambed leakage coefficient [ms-1], 2K  a constant, 
and h∆  the difference in water level between aquifer and river [m]. Yet, for 
sewer exfiltration water levels are low, a linear behaviour of the exfiltration flow 
rate can be assumed, although rates are half as large compared to the linear 
approach (Figure 2).  
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Figure 2: Comparison of linear and exponential flow according to Rushton and Tomlinson 
(1979)  
Further investigations are needed to verify the validity of the exponential 
approach for the application of wastewater leakage. 
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2.1.2 Leakage factor 
Rauch and Stegner (1994) refined Darcy’s law by proposing the leakage factor 
L  expressing the permeability of the colmation zone ( colmationfk , ). They concluded 
that exfiltration is solely influenced by the physical processes in the colmation 
zone (equation 4). 
 
hA
Q
s
k
L
Leak
excolmationf
⋅=∆=
,  equation  4 
 
The simple model allows for a determination of a measure of sewer leakage 
avoiding the observation of the depth of the colmated zone. In this context, 
Gustafsson (2000) also used Darcy`s law to describe the interaction between 
pipes and the surrounding aquifer. The approach is based on the temporal and 
spatial variation of the water pressure in the pipes and the surrounding aquifer, 
the pipe surface to which the wastewater is exposed to, and a leakage 
coefficient. In a similar application, Karpf and Krebs (2004; 2005) successfully 
applied the Darcy model to describe in- and exfiltration on a large scale in the 
urban catchment of Dresden. They calibrated the leakage factor on the basis of 
long time series of wastewater flow and water table measurements.  
2.1.3 NEIMO (Network Exfiltration and Infiltration model) 
NEIMO (Burn et al., 2005; DeSilva et al., 2006) determines exfiltration 
following Darcy’s law assuming the colmation layer the limiting factor. NEIMO 
uses CCTV damage assessment for sewers and correlates these damages to 
variable flow volumes in pipelines to allow for the calculation of the point 
source leakage rate for different sizes, ages, materials, and soil conditions. The 
wastewater influent is simulated to properly assess the contaminant load in 
different urban areas. The model has been verified by the analysis of selected 
sewer sections, where leakage has been observed. The NEIMO output is passed 
to unsaturated zone models, calculating travel times to the water table and the 
combined effects of sorption and decay of contaminants. The combination of 
NEIMO with unsaturated and saturated zone models requires the solution of the 
Richard’s equation and an identification of other soil parameters. Moreover, the 
consideration of the saturated zone assumes information on the aquifer, which is 
difficult particularly in urbanized and/or heterogeneous areas.  
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The Darcy approach is applied for steady state conditions and laminar flow. Yet, 
several investigations reported also dynamic conditions for both, the wet and the 
dry weather case.  
2.2 Exfiltration dynamics 
A rather vulnerable colmation layer was observed whilst measuring flows in an 
operational sewer (Klinger et al., 2005) and test rigs (Vollertsen and Hvitved-
Jacobsen, 2003). Exfiltration rates under dynamic wet weather conditions rose 
up but dropped back rapidly to a stable background dry weather level after the 
end of the rainfall event. Ellis and Revitt (2002) and Blackwood et al. (2005a) 
have recorded similar observations in clear water laboratory rig studies. 
Concerning the reactive zone, i.e. the zone penetrated by exfiltrating water, 
Rettinger (1992) emphasized that once the water seeps through a leak there will 
be strong spreading in all directions.  
Top ground surface
Water table
 
Figure 3: Streamlines due to wastewater penetration into soil Rettinger (1992) 
 
Primarily, the bedding area can be adressed as reactive zone. Its reactive surface 
is much larger than the leakage area of the sewer pipe. Furthermore, Mohrlock 
and Bücker-Gittel (2005) stated that there is no uniform water content in soils. It 
was also reported that the colmation layer might be washed away and 
consequently recover in areas of varying water table as the exfiltration process 
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might alternate to infiltration and vice versa. This could reduce soil clogging and 
thus lead to increased exfiltration after the scouring associated with the 
infiltration period. The process of increased hydrostatic groundwater pressure 
washing away colmation at joint openings in the sewer pipe has been postulated 
as a possible mechanism for renewed exfiltration following periods of elevated 
water table in experiments of e.g. Dohmann et al. (1999), Forschergruppe 
Kanalleckagen (2002), and Vollertsen and Hvitved-Jacobsen (2003). They 
observed cyclic patterns of exfiltration rates during long term investigations at 
dry weather conditions, attributed to either variations in the influent pollutant 
concentrations (Dohmann et al.) or a direct correlation between substrate 
availability and bioclogging of the leakage route (Figure 4, Forschergruppe 
Kanalleckagen).  
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Figure 4: Dynamic behaviour of exfiltration in a laboratory test (Forschergruppe 
Kanalleckagen, 2002) 
 
Exfiltration during an extreme flood event on the river Elbe observed by Karpf 
and Krebs (2004) showed that water levels in the sewer system corresponded to 
the water level in the river causing even pressurized conditions in parts of the 
sewer. Thus, exfiltration rates reaching values of 1500% above the average 
exfiltration rate at dwf were stated. 
It is also necessary to consider a wash out of bedding material and decreasing 
pipe stability as well as further deterioration of already damaged pipes caused by 
augmented exfiltration volumes. 
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The conclusion drawn from these findings suggest that sewer exfiltration rates 
can show distinct dynamics resulting from varying conditions. A significantly 
higher exfiltration rate during wet weather conditions does not necessarily mean 
more pollutants discharged to soil and groundwater due to dilution of the 
wastewater by stormwater. However, mechanistic processes are not observed 
comprehensively, not even for steady state conditions. Further investigations are 
required to properly calibrate advanced models on sewer leakage.  
Such advanced models shall also feature exfiltrating pollutants and their 
behaviour in soil and groundwater. Although, the main focus of this dissertation 
is set on quantifying and modelling sewer leakage a short summary of major 
findings regarding exfiltrating pollutants and their behaviour in soil and 
groundwater is given in the next chapter. 
2.3 Risk potential for soil and groundwater 
Even if many studies indicate that conventional pollutants such as organic 
carbon, nitrogen compounds and phosphate are degraded to a greater or less 
degree (e.g. Dohmann et al., 1999; Vollertsen et al., 2002; Hua et al., 2004), 
industrial pollutants, micropollutants and endocrine disruptors might pose more 
substantial long term risks to the environment and human health. 
Pharmaceuticals and their residuals detected in groundwater are likely to 
originate from leaky sewers.  
Seiler et al. (1999) detected both caffeine and human pharmaceuticals in the 
groundwater, indicating sewer leakage. Herberer and Stan (1997) have recorded 
clofibric acid and diclofenac at depths of up to 70m below sewage treatment 
works in Germany, suggesting either rapid fissured transport or extremely slow 
degradation processes operating below the water table. Ellis (2006) has reported 
diclofenac and clofibric acid contamination as being restricted to a 5 – 50 cm 
depths below a main trunk sewer in N London. This rapid die-off has been 
attributed to a combination of soil water adsorption and degradation processes 
within the unsaturated zone. However, a simpler explanation might be the 
dilution of low exfiltration rates and volumes by soil water. Cordy et al. (2004) 
investigated the performance of 131 organic compounds in soil columns. 
Several chemicals routinely used in households and industry, as well as the 
pharmaceuticals carbamacepine and sulfamethoxazol, were not completely 
eliminated in the soil columns. These findings were supported by Ternes et al. 
(2004) with iodated X-Ray contrast media being detected in aquifers by several 
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authors (Forschergruppe Kanalleckagen, 2002; Schittko et al., 2004; Ternes et 
al., 2004). On the contrary, hormones were not detected in groundwater by other 
studies (Heberer et al., 2004; Mansell and Drewes, 2004; Zuehlke et al., 2004). 
Very good sorption and biodegradation of hormones have been found in soil-
water systems by other supporting studies (Casey et al., 2003; Ying et al., 2003; 
Lee et al., 2003b; Das et al., 2004).  
Karagüzel and Irlayici (1998) observed wide spread groundwater pollution in 
Turkey from groundwater sampling but a differentiation of single contamination 
sources was not possible. A number of studies (i.e. Deutsch, 1963; Kreitler et 
al., 1978; Hornef, 1983; Milde et al., 1987; Bishop et al., 1998; Jeong, 2001; 
Foppen, 2002; Reynolds and Barrett, 2003) report significant groundwater 
pollution due to leaky sewers. Chan (2001) evaluating the concentrations of 
anions and cations of groundwater samples in Taejon, Korea by factor analysis, 
concluded that leaky sewers, old latrines and landfills are a major source of 
contamination. Chen et al. (1974) found that trace metals from wastewater 
effluents reflect the possible enrichment of discharge areas. Vengosh and 
Pankratov (1998) identified an impact of domestic wastewater on groundwater 
contamination with the help of chloride/bromide ratios as tracer.  
Investigations in the sewer system of the City of Rastatt, Germany, have 
revealed that the impact of leaky sewers on urban groundwater is strongly 
variable as wastewater compounds are attenuated and biodegraded within the 
unsaturated zone. Thus groundwater quality is influenced only if the water table 
is just beneath the sewer leakages (Eiswirth and Hötzl, 1997; Ellis, 2006) and 
similar patterns have been duplicated in batch reactor experiments (Hua et al., 
2004). Biodegradation and bioclogging in soil columns simulating unsaturated 
soil conditions have been investigated by Fuchs et al. (2004) with reported DOC 
elimination rates of 30-73 %. This result must be seen in the light of the 
discontinuous charging of the columns as the aerobic conditions dominated the 
biotic process and might not represent the actual conditions beneath leaky 
sewers.  
In estimating nitrogen loads contributed to ground water, leakage from sewers 
was considered to be negligible in two German studies (Flipse et al., 1984; 
Dohmann et al., 1999), which is in marked contrast to UK field studies (Barrett 
et al., 1997; Wakida and Lerner, 2005). The German studies investigated the 
behaviour of wastewater pollutants in passage through the underlying soil and 
obtained similar results for tests in soil columns and a test rig. COD was 
eliminated with approximately 76 %, depending on soil properties. A decrease 
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of pollutant concentration in the soil profile was observed below the top 10 cm 
layer. Besides, organic matter, phosphorus, and iron were also enriched in the 
2 cm colmation layer. Wolf (2004) assumed that pharmaceutical residues were 
subject to microbiological degradation and adsorption effects within the soil 
passage, as they were found only in soil samples and not in the underlying 
groundwater.  
Dizer and Hagendorf (1991) collected both soil and seepage water samples 
beneath leaky sewers during repair work and evidence of sewer leakage was 
found in the underlying soil with higher levels of chemical and microbiological 
parameters. An increased presence of denitrifying bacteria might indicate the 
development of a microbial nitrate-reducing environment. Soil analyses 
undertaken by Ullman (1994) close to sewers indicate a limited phosphorus and 
organic pollutant load from sewer exfiltration mainly in the sandy subsoil; 
significant groundwater pollution was not observed. The potential for 
groundwater pollution seems surprisingly low, as leakage tests from the same 
author suggest a much higher risk for soil and groundwater. Vollertsen et al. 
(2002) dug out a formerly operated sewer, and analysed the underlying soil for 
E.coli, Clostridium perfringens bacteriae and spores, as well as boron. E.coli 
were detected at depths of 5 cm and clostridium perfringens bacteriae and spores 
up to depths of 17 cm. Below 30 cm neither E.Coli nor clostridium perfringens 
could be found. The decrease of bacteria indicates efficient biodegradation 
processes in the soil and a low risk of groundwater pollution. Field 
investigations using shallow boreholes and trial pits adjacent to a trunk sewer in 
N London, UK have yielded similar results with fresh bacterial indicators (E 
Coli and F.Streptococci) being restricted to the enveloping soil layers (Ellis and 
Revitt, 2002).  
Despite these results, Morris et al. (2005) investigating faecal indicators in the 
aquifer of Doncaster, UK in 5 multilevel wells from depths of 9 m to 60 m 
below ground level and several regional wells and found sulphite reducing 
clostridia, faecal streptococci and, to a lesser extent, boron down to 60 m below 
ground level. These results are confirmed by studies in Birmingham and 
Nottingham, UK (Powell et al., 2003) where spatial coincidence in the presence 
of heterogeneities in the sandstone (preferential pathways) and extent of 
microbial contamination. Paul et al. (2004) have studied the impact of sewer 
leakage on the microbiological condition of groundwater with water samples 
taken from observation wells close to leaky sewers being compared to 
background wells in urban and rural areas. Concentrations of the faecal 
2.4 Determination of exfiltration 15 
indicators were greater close to sewer leaks although the results were not 
evaluated in terms of aquifer thickness. 
In conclusion, groundwater in the direct vicinity of leaky sewers is more likely 
subject to pollution than deep groundwater, which is protected by a long soil 
passage. Yet, sewage-derived pollutants have been detected at depths of 60 m 
below ground level, mainly attributed to preferential fissured pathways in 
heterogeneous aquifers. A number of studies have noted efficient biodegradation 
of harmful substances leaked from sewers, but many studies have also found 
evidence of significant groundwater pollution in urban areas.  
Different intentions and therefore different experimental design of the studies 
might have an effect on the evaluation of exfiltration. The next chapter 
introduces therefore methods to identify sewer exfiltration and discusses 
benefits and drawbacks of the single approaches.  
2.4 Determination of exfiltration  
Generally, two approaches for exfiltration estimation are distinguished:  
1) Indirect methods estimate exfiltration as part of urban recharge from 
groundwater monitoring and/or a water and solute mass balance of the 
considered catchment. Measured variables are water table and pollutants 
concentrations (marker species). The main motivation is to evaluate effects 
of exfiltration on groundwater quality. This provides an average figure of 
sewer leakage on the catchment scale.  
2) Direct methods perform pressure tests of single pipes or damages or 
balance tracer substances within a certain sewer distance. Comparison of 
water consumption and wastewater flow are also reported. Measured 
variables are pressure height, tracer concentration in the sewerage. A 
special case of the direct methods are laboratory investigations which are 
conducted on test rigs.  
Besides, large efforts are made to investigate soil conditions below leaky 
sewers. Processes of biological clogging or colmation are claimed to have 
significant influence on exfiltration rates (i.e. Rauch and Stegner, 1994; 
Vollertsen and Hvitved-Jacobsen, 2003; Blackwood et al., 2005b).  
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2.4.1 Indirect Methods 
2.4.1.1 Groundwater sampling 
Groundwater sampling is a very simplistic approach to assess sewer leakage by 
means of observed concentrations of solutes originating from domestic 
wastewater.  
Barrett et al. (1997) performed a large-scale groundwater sampling campaign in 
the City of Nottingham, UK. They propose a combination of stable nitrogen 
isotopes and microbiological indicators as most effective parameters to quantify 
groundwater recharge due to sewer leakage. Their investigations give evidence 
for the presence of sewage only in shallow groundwater (2-6 m below surface). 
Vàzquez-Suné et al. (2000) quantified the contribution of recharge sources to 
total recharge for the City of Barcelona. Sampling data from 30 wells and 8 
different sources (e.g. water mains, river seepage, seawater intrusion) were 
evaluated applying multivariate statistical analysis. Chloride, Sulphate, Fluoride, 
total Nitrogen, and the isotopes 18O, 2H, and 34S were subject of investigation. 
The percentage of recharge caused by sewer leakage was in average 30 % of 
total recharge with extremely high maximum values of 88.8 %. Uncertainties 
due to sampling and analytics are only accounted by a simple estimation. In 
addition, the number of samples for each recharge source is partly very small. 
Repeated sampling (1995 and 2000) was conducted in Sana’a, Yemen (Foppen, 
2002). Concentrations of major cations and anions have increased in 
groundwater due to continuous wastewater exfiltration, though exfiltration was 
not quantified. As Ellis and Revitt (2002) have pointed out, conventional 
cation/anion markers can be unreliable due to processes of ion exchange and 
nitrification and caution must be used on the use of a threshold 10‰ δ15N 
criterion as a distinguishing marker. The heavier enriched isotopic nitrogen 
found in urban groundwater results from the partial volatilisation of ammonia 
depleted in 15N during decomposition of urea in the sewage. The potential for 
such isotopic fractionation will therefore depend on whether exfiltration occurs 
directly above the water table to enable volatile loss of ammonia. Thus not all 
sewer exfiltration will necessarily possess an isotopically heavy signature and 
the problem may be more severe than the results to date imply.  
Wolf et al. (2005a; 2005b)and performed sampling campaigns covering sewage, 
groundwater and surface water in Rastatt, Germany, to investigate on the 
suitability of various chemical marker species to detect exfiltration from leaky 
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sewers. Iodated X-Ray contrast media, boron, ammonium and pharmaceutics 
like metoprolol provided unambiguous results on the occurrence of exfiltration 
in this study. However, it was also shown that sewage exfiltration could only be 
proven in the direct vicinity of sewer leaks. Conventional mass balance 
approaches investigated for the City of Rastatt (e.g. using sulfate or chloride) 
suffer from the multitude of additional sources in urban areas and aquifer 
sediments. Additional information was obtained by CCTV investigations and 
pressure tests at selected single damage sites. Regional exfiltration rates were 
not reported.  
In conclusion, groundwater sampling allows for a qualitative assessment of 
sewer leakage and its impacts on groundwater. A quantification of sewer 
leakage by means of this approach is difficult due to the inherent simplifications 
when the aquifer is considered (volume, porosity, flow conditions….). A 
thorough assessment of all possible recharge sources is a prerequisite to this 
approach. Conservative marker species are necessary if biochemical processes 
are neglected. To consider spatial and temporal variability of the selected marker 
species in groundwater, multilevel wells and/or long time sampling is required. 
2.4.1.2 Groundwater sampling and monitoring of water table 
Information on the water table provides better understanding of the volume and 
flow regime of the aquifer. Härig (1991) estimated sewer leakage with the aid of 
the water balance and piezometric heads as well as the monitoring of Sulphate 
and Boron concentrations in groundwater. Exfiltration rates range from 9 to 38 
ld-1m-1. Information on the water table is relatively weak in this study, because 
groundwater recharge is only accounted for by a simple estimation, according to 
land use classes. Neither additional input sources of Sulphate and Boron nor 
biodegradation processes in the soil were considered.  
2.4.1.3 Groundwater sampling and modelling 
The combined groundwater sampling and modelling approach is not restricted to 
conservative marker species alone. Sophisticated groundwater modelling allows 
for calculation of groundwater flow and prediction of biodegradation and 
sorption processes in soil and groundwater. Therefore detailed information on 
temperature, pH-value, salinity and other parameters affecting biodegradation as 
well as aquifer characteristics such as hydraulic conductivity, porosity, 
stratification, potential, etc is needed.  
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Lerner (2002) recommends a holistic approach with a calibrated groundwater 
flow model and additional solute balances, as complexity of cities and scarcity 
of data lead to high uncertainties in quantifying urban recharge. In this context, 
Yang et al. (1999) focused on spatial and temporal quantification of the main 
contributions to total recharge: precipitation, leakage from water mains and 
sewage exfiltration. A groundwater flow model was calibrated using historical 
data. Additionally, solute balances for Chloride, Sulphate and total Nitrogen 
were considered, partly based on historical data, partly based on groundwater 
sampling. Estimated exfiltration rates for the period 1958 to 1995 lead to a mean 
value of 10 mm/year. This represents 5% of the total recharge. Yang et al. 
(1999) comment on the sensitivity of results to input parameter variability. The 
confidence interval was estimated to be 100% (single standard deviation), which 
is attributed to scarce groundwater quality data and insufficient information on 
the local variability of the sewage composition, due to discrete sampling 
techniques. For the same area and data, Wakida and Lerner (2005) point out that 
13 % of the nitrogen load in groundwater is due to sewer leakage.  
Fenz et al. (2004) combined groundwater flow modelling with monitoring of the 
antiepileptic drug carbamazepine. Drug concentration in groundwater and 
wastewater in the City of Linz, Austria was under investigation. Carbamazepine 
is discharged only via domestic wastewater. The average carbamazepine load 
per capita was calculated from measurements at the wastewater treatment plant 
(wwtp) and compared to the carbamazepine load in groundwater. The average 
exfiltration rate amounts to 1% dwf.  
Calibration of a detailed groundwater flow model within areas of heterogeneous 
aquifers might be difficult due to the lack of detailed soil hydraulic properties. In 
general, a large number of samples with a high temporal and spatial resolution is 
a prerequisite for successful calibration and validation of a groundwater model. 
The mentioned studies focused on conservative tracers (not considering the 
processes affecting marker species during the soil passage and within the aquifer 
itself), some authors proposed the use of multiple tracer substances for solute 
balances. Additional sources of the selected marker species must be thoroughly 
identified and included in the groundwater model. Still, location and amount of 
the point source sewage exfiltration cannot be located precisely.  
2.4 Determination of exfiltration 19 
2.4.1.4 Water balance from flow measurements 
To estimate sewer leakage the water balance is closed, based on data on runoff, 
drinking-water consumption, and sewage flow.  
Trauth et al. (1995) focused on the water balance of a small urban catchment. 
For an interval of 10 days, exfiltration rates cover a range of 1.5 - 39 l d-1 m-1. 
Besides the rather uncertain input data, the result is based on a very short 
observation period and possible reductions in exfiltration due to groundwater 
infiltration were not considered. The US EPA (Amick and Burgess, 2000) 
survey of exfiltration in Albuquerque, New Mexico, reported on balancing 
pumpage rates and wwtp influent. Sewer infiltration, in-house water 
consumption and leakage from water mains were derived from previous studies, 
and unfortunately neither the studies correspond temporally nor is the data base 
solid. However, total exfiltration rate was calculated to 10 % dwf. Karpf and 
Krebs (2004) transferred their leakage model of infiltration (Karpf and Krebs, 
2005) to the exfiltration process. The estimation of the groundwater level at each 
pipe and the groundwater-influenced pipe surface of the sewer is based on 
interpolation of groundwater measurements, the water level in the sewer is 
simulated with a hydrodynamic model. Infiltration was assessed by comparing 
wastewater flow to average drinking water consumption. The calibration of the 
leakage model requires long time-series, from which the history of each pipe is 
analysed to identify a mean leakage factor. For the years 1997 to 1999, the 
simulated exfiltration rate ranges from 1.3% to 3.8% of the dry-weather flow.  
A leakage indicator was developed and applied in Sydney, Australia 
(McDermott and O'Donoghue, 1999), giving a leakage likelihood classification 
for the particular catchment. Therefore, dry weather gauged flows and total 
water consumption from 6 years were evaluated and compared. Approximately 
23 % of 464 gauged catchments were defined as exfiltration candidates, 7 % of 
those were classified as having high priority. To reduce the uncertainty of 
gauged dwf the random measurement uncertainty of the flow rate was assessed. 
Catchments were evaluated by application of standard quality control error 
theory, i.e., using 3 statistical tests and testing criteria to look at the differences 
between two datasets for each catchment, such as dwf and water consumption. 
The obtained confidence levels were used as the basis for the leakage normality 
test to differentiate the leakage indicators.  
The results of the introduced studies might be subject to high uncertainties due 
to incomplete or uncertain input data. Thus, a water balance allows for an 
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average exfiltration estimate. As for all large scale studies, location and amount 
of the point source sewage exfiltration cannot be located precisely. 
2.4.2 Direct Methods 
2.4.2.1 Laboratory investigations 
Laboratory investigations are being performed on many types of pilot plants 
from soil columns to specific test rigs. The former focus on the process of 
colmation and soil clogging, whereas test rigs also allow simulating exfiltration 
in order to correlate exfiltration rates to specific damage formats. For laboratory 
investigations, boundary conditions such as soil, size and location of damages, 
wastewater composition, and water level are known and thus allow for an 
identification of the desired processes.  
Investigations on soil columns 
Rice (1974) studied soil clogging in soil columns (loamy sand and coarse sand), 
looking at the relationship between total solids load and the hydraulic properties 
of the restricting layer. According to Rice, clogging occurred mostly at the 
surface, as indicated by increasingly high gradients in the top 1 cm of soil. The 
hydraulic conductivity of the rest of the column remained constant for a given 
period, underlined by observations of De Vries (1972) and Maulé et al. (2000). 
Rice (1974) showed that adequate exfiltration rates can be obtained by keeping 
the suspended solids concentration below 10 mg/l, confirmed by Orth and Ebers 
(1988) and Bouwer et al. (1974). After 3 years of intermittent exfiltration the 
hydraulic conductivity was reduced 50 to 60 percent, which was attributed to 
entrapped gases. Siegrist and Boyle (1987) observed the exfiltration of 
wastewater from a septic tank. Soil clogging eventually led to intermittent and 
then to persistent ponding. The increasing water level compensated for an 
increasing resistance to exfiltration due to soil clogging. After all, the soil cell 
continued to transmit the daily loading. A recovery of the filter due to 
intermittent operation was detected, which was also described in Bouwer et al. 
(1974) and Maulé et al. (2000) who observed that the hydraulic conductivity 
returned to original values after a removal of the sealing and a better hydraulic 
conductivity in case of a reduction of TSS loading rates. Fuchs et al. (2004) 
found a correlation between the total biomass in the upper soil layers and the 
hydraulic conductivity. Exfiltration rates were not specified. Krug (2005) 
investigated on the thickness of the colmation layer to obtain leakage rates 
according to the colmation layer. The reduction of the discharge was also 
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attributed to the colmation layer. Besides, the same magnitude in flow was 
observed for saturated and unsaturated soil conditions. Within field 
investigations the sewer including a large amount of soil must be dug out to 
obtain reliable information on the soil below leaky sewers. Vollertsen et al. 
(2002) dug out a formerly operated sewer, and analysed the soil beneath.  
Investigations on test rigs 
Rauch and Stegner (1994) investigated exfiltration in a test rig with constant soil 
conditions, constant leak area, and constant amount of settleable solids in 
wastewater. Repeated measurements were not performed and charging time 
totals to only 20-50 min (Table 1). Vollertsen and Hvitved-Jacobsen (2003) 
investigated the behaviour of leaks during constant flow conditions and effects 
of flow variations, different sizes and types of leaks and alternating infiltration/ 
exfiltration. The exfiltration rate showed a rapid decrease and reached a more or 
less constant rate after a few hours. The comparison of different soil types 
showed no systematic dependency of the exfiltration rates. A reduction of soil 
permeability was not detected. The decreasing exfiltration rate was attributed to 
a clogging zone with a relatively high concentration of organic matter. The 
exfiltration rate increased with increasing water pressure and leakage area. A 
similar pattern was observed by Dohmann et al. (1999) and Blackwood et al. 
(2005b) although the observation interval of the Blackwood et al. study was too 
short to obtain a constant exfiltration rate. 
None of the mentioned laboratory scale investigations includes an assessment of 
uncertainty of the results. A sensitivity analysis on the input parameters would 
have been helpful to classify the results, as the experimental design differs 
considerably. Table 1 exhibits experimental setup and results of the laboratory 
studies. 
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Table 1: Experimental setup and results of laboratory investigations on exfiltration 
Experiment Initial soil conditions 
Charging 
time 
Thickness of 
colmation 
layer [mm] 
Exfiltration 
rate 
[l d-1cm-2] 
Leakage 
factor [s-1] 
Rauch and 
Stegner (1994) 
Coarse sand 
Gravel 
20 – 50 
min 
10 
50 0.87 - 5.2 0.01 – 0.001 
Dohmann et al. 
(1999) 
Silty sand 
Medium/co-
arse sand 
12 weeks 
12 weeks 
3 weeks 
20-40 
100 
20 
0 
5.52 - 0.48 
0.96 - 6 
0.001 - 0.54 
Vollertsen and 
Hvitved-
Jacobsen (2003) 
Loamy sand 9 days to 7 weeks 
10-20 
(assumed) 0.02 - 0.06 1.4 10
-4 
Blackwood et al. 
(2005b) Gravel 
60 – 90 
min - 8.6 - 86 0.83 
 
Laboratory investigations specify the processes of exfiltration and succeeding 
colmation. This provides understanding of mechanisms under controlled 
conditions. Exfiltration dynamics at varying and stable conditions are revealed. 
However, it is often difficult to transfer the results to the real world. In this 
context, Wolf and Hötzl (2006) explored the limitations of the uspscaling of 
laboratory results on sewer leakage (derived from literature) to a small urban 
catchment. By applying a Monte Carlo simulation to a dataset containing 262 
leaks, they predicted an average exfiltration rate of 0.0043 ld-1cm-2, which is one 
order of magnitude lower than in the mentioned laboratory studies. However, a 
large range of possible exfiltration rates attributed to the predefined range of the 
input parameters was observed.  
2.4.2.2 Field investigations – house connection sewers 
For a large campaign of CCTV inspections and pressure tests of house 
connections in Göttingen, Germany, Ballweg (2002) reported that 92 % of the 
considered cases did not meet the criteria on pressure testing. However, this 
does not necessarily mean that under normal operating conditions these house 
connections are heavily leaking. Investigations of Lessel and Kess (1995) 
exhibit different results in evaluating leakage tests and CCTV records of 20 
pipes: 7 out of 9 pipes without reported damages were tested leaky, 4 out of 11 
pipes with obvious damages did meet the requirements on pressure testing of 
house connections. Princ et al. (2004) obtained 10 times higher exfiltration rates 
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with pressure tests compared to volumetric measurements. This was attributed to 
the pressurized conditions and to measurement errors within the volumetric 
method. Bechteler et al. (2001b) developed a measuring device to perform 
leakage tests in house connection pipes avoiding damages due to high pressure 
(Figure 5). An exactly defined volume circulates through the house connections 
and a connected pipe, the water loss after a defined period represents the 
exfiltrated volume. The water level can be adjusted according to the typical flow 
in the house connection.  
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Figure 5: Measurement device for leakage tests in house connections (Bechteler et al., 
2001; Walther and Günthert, 2003)) 
 
All authors reported practical problems with the installation of devices and 
difficult access to the house connection. Unfortunately, none of the mentioned 
investigations provide any exfiltration rates. 
2.4.2.3 Field investigations – pipe scale 
Sewer leakage of single damages or pipe sections in operated sewers is 
predominantly assessed by pressure tests. Though, for the evaluation tests with a 
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water level less than 50% of diameter were considered. Sewer leakage at real 
flow condition was estimated by a volumetric method. 
Ullmann (1994) observed exfiltration at an army base in Veitshöchheim, 
Germany, with pressure tests for 28 damage formats as well as soil and 
groundwater sampling. He obtained exfiltration rates ranging from 0 to 58 ld-
1cm-2. The results of the soil and groundwater sampling are presented in chapter 
2.3. Dohmann et al. (1999) studied exfiltration by conducting pressure tests in 
68 sewers under operation. In both studies, exfiltration rates were calculated for 
particular damages, known from CCTV records. It was also stated that a certain 
pressure head is required to start the exfiltration process. This effect was 
attributed to a temporary sealing in the sewer caused by sediments and bio films. 
Exfiltration was small under low pressure, but was followed by a fast and strong 
increase with rising pressure (for exfiltration dynamics see chapter 2.2). The 
findings confirm the results of laboratory studies in the Dohmann study, which 
indicate that exfiltration is a very dynamic process that varies from defect to 
defect. Although clean water was used for testing, the exfiltration rates obtained 
were claimed comparable to those of wastewater as differences between the 
exfiltration rates of wastewater and clean water were not significant. Table 2 
gives mean exfiltration rates obtained from low pressure tests, i.e., the tested 
pipe was half-filled at maximum.  
Table 2: Exfiltration rates at dry-weather flow conditions (Dohmann et al., 1999) 
Damage Exfiltration rate [l d-1cm-2] 
crack (invert, right) 1.1 
crack (crown, right, left) 0.4 
crack (circumference) 0.5 
deviation 0.04 
 
In contrast, Blackwood et al. (2005a) observed clogging only due to wastewater 
components. Klinger et al. (2005) installed sand filled collector tanks under a 
leak in an operated sewer and monitored the exfiltration rate over a period of 9 
months. On average, exfiltration rates continued to decrease during the first 6 
months, although strongly influenced by individual rain events. The investigated 
sewer as a very disturbed system represents rather laboratory than real 
conditions. 
None of the mentioned field investigations on pipe scale included an assessment 
of uncertainty of the results, even though a large number of measurements has 
been conducted.  
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2.4.2.4 Field investigations – pipe scale 
Exfiltration rates from a certain sewer length are measured with a tracer mass 
balance or a water balance based on drinking water consumption and flow 
measurements on the small scale.  
The sewer leakage from a whole sewer pipe can be measured by tracer 
experiments (Knudsen et al., 1996, Rieckermann et al., 2005). Precisely known 
amounts of tracer are injected at the beginning and at the end of the investigated 
sewer. The mass balance over the investigation pipe can then be computed from 
downstream samples. Given the tracer is equally diluted in wastewater, any 
tracer loss is directly correlated to the leakage in the pipe. Yet, tracer might also 
be stored in dead zones or sediments. Exfiltration, which is computed as a ratio 
relative to the labelled flow, is systematically wrong if the tracer concentrations 
are reduced or magnified in the sewer pipe. Similarly, one has to account for a 
substantial random error if the analysis of the tracers in wastewater is not very 
precise. Two methods have been developed that avoid systematic errors by an 
efficient experimental design and rigorously assess the uncertainty in the 
obtained results by Monte Carlo simulations and Gaussian error propagation 
(Rieckermann et al., 2005).  
According to investigations of Amick and Burgess (2000) a comparison of water 
consumption and continuous flow measurements in the corresponding sewer 
achieved reliable data. It was not accounted for any uncertainty within their 
investigations, even though, flow measurements and water consumption data on 
such a small scale cause high errors.  
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2.4.3 Summary 
Table 3 shows a compilation of the results and the corresponding methods 
currently used for estimating exfiltration, evaluated according to aim, data 
needs, and applicability.  
 
Table 3: Compilation of approaches 
Study Scale Method Aim Result Assessment of Uncertainty Data needs 
Härig (1991) Catch-ment 
Groundwater 
flow modelling, 
solute balances 
Quantification of 
exfiltration, im-
pacts on ground-
water quality 
8.64-38 
ld-1m-1 - 
groundwater flow 
and quality, 
sewage and water 
mains flow and 
quality 
Yang et al. 
(1999) 
Catch-
ment 
Groundwater 
flow modelling, 
solute balances 
Spatial and 
temporal 
quantification of 
urban recharge  
10 mm a-1 
(±100 %) 
Sensitivity of 
tar-get solute 
concentrations 
to changes of 
urban recharge  
Time series of 
groundwater flow 
and quality 
Vàzquez-Suné 
et al. (2000) 
Catch-
ment 
Groundwater 
sampling 
Identification and 
quantification of 
urban recharge  
2.4-89 % 
of total 
recharge 
- Groundwater quality 
Fenz et al. 
(2004) 
Catch-
ment 
Groundwater 
flow modelling, 
solute balances 
Identification and 
quantification of 
exfiltration 
1 % dwf -  groundwater flow and quality 
Trauth et al. 
(1995) 
Catch-
ment 
Balancing time 
series  
Quantification of 
ex- and 
infiltration 
1.5-39 
ld-1m-1 - 
Sewage flow and 
drinking water 
consumption, rain 
data  
Karpf and 
Krebs (2004) 
Catch-
ment 
Balancing time 
series 
Quantification of 
exfiltration 2.8 %dwf - 
Long time series 
of sewage flow 
and drinking 
water consump-
tion, water table 
Ullmann 
(1994) pipe 
Pressure tests, 
soil and ground-
water sampling 
Quantification, 
inspection and 
rehabilitation 
planning 
1.6-58  
ld-1cm-2 - 
CCTV data, 
groundwater 
quality 
Dohmann et 
al. (1999) pipe Pressure tests  
Quantification, 
correlation ex-
filtration-damage
0.07-109  
ld-1cm-2 -  CCTV data 
Klinger et al. 
(2005) pipe 
Sandfilled 
collector tanks 
below operated 
sewer  
Quantification of 
exfiltration 
7–56  
ld-1cm-2 - 
Access to sewer 
and subsoil 
EPA, Amick 
& Burgess 
(2000) 
pipe Balancing time series 
Quantification of 
exfiltration 
17 – 56 
% dwf - 
Drinking water 
consumption, 
flow 
measurements 
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Rieckermann 
et al. (2005) pipe 
Balance of 
artificial tracer 
load  
Quantification 
and assessment 
of uncertainty  
11 %dwf  
(± 2 %) 
Monte Carlo 
simulations, 
Gaussian error 
propagation 
Experimental data 
for uncertainty 
analysis, flow 
measurements 
Rauch and 
Stegner (1994) 
Labora
-tory 
Flowing 
wastewater 
through leaky 
pipe 
Process 
description, 
quantification of 
exfiltration 
0.87–5.2  
ld-1cm-2 - - 
Vollertsen and 
Hvitved-
Jacobsen 
(2003) 
Labora
-tory 
Circling 
wastewater 
through leaky 
pipe  
Quality and 
quantity of 
exfiltrating water
0.02-0.06 
ld-1cm-2 - - 
Blackwood et 
al. (2005b) 
Labora
-tory 
Circling 
wastewater 
through leaky 
pipe  
Quantification 
and effects of 
bedding 
9-86 
ld-1cm-2 - - 
 
Exfiltration rates from laboratory studies are one or two orders of magnitude 
lower than those obtained through measurements of operational sewers (pipe 
scale, pipe scale). This might be due to different soil conditions in operational 
sewers and in the laboratory. If this is indeed the case, the field studies better 
represent the “real” exfiltration conditions although an alternative reason might 
be the larger measurement errors of field investigations. These measurement 
errors mainly occur during flow measurement. Within the flow measurements in 
this study combined sensors of velocity (Doppler) and water level (pressure 
measurement) have been used as they are suitable for short term measurements. 
But, the determination of the water level in particular is subject to large 
measurement errors caused by adjusting the sensor to the actual water level and 
dynamic effects in the sewer. Hassinger (2000) refers to measurement errors of 
up to 30 % for combined flow sensors. As far as the determination of the 
leakage area is concerned, laboratory studies are more reliable than field studies 
where CCTV is used. 
Within the wide range of units used by the research community [ld-1cm-2 leakage 
area] was chosen for referencing the various studies. Even though, it is difficult 
to compare the results, as they depend on background and intention of a 
particular study. If using [ld-1cm-2] as reference unit, the water level, (for which 
Darcy’s Law is very sensitive), is not considered. It might be more appropriate 
to compare the permeability of the colmation layer/leakage factor (Equation 2, 
chapter 2.1.2), which was performed for all observations having available data 
(chapter 5.3.1).  
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Figure 6: Permeability of colmation area/leakage factor (equation 2) in different 
investigations  
Based on a comparison of leakage factors, the calculation of an unknown depth 
of colmation layer is avoided and exfiltration rates are described in relation to 
water level and leakage area of the sewer. 
2.4.4 Evaluation of methods 
Groundwater flow modelling, coupled with solute balances alone will provide 
only a rather broad view on urban recharge, and in particular sewer exfiltration. 
A quantification of sewer leakage by means of this approach is difficult due to 
the inherent simplifications resulting from volume, porosity, flow conditions, 
etc., when the aquifer is considered. A thorough assessment of all possible 
recharge sources is a prerequisite to this approach and conservative marker 
species are necessary to be able to neglect biochemical processes. Due to the 
data needs groundwater modelling is often considered too cost intensive to be 
applied as a standard method for rehabilitation planning. A balance of sewerage 
flow, rainfall data, and drinking water consumption appears to be unsuitable to 
support rehabilitation planning as measured flow and rainfall data involve a 
large uncertainty, which is nevertheless reduced by using long time series and 
additional measurements at the small scale. Thus, Karpf and Krebs (2005) have 
used time series analysis of flow data and identify large diameter sewers as the 
Laboratory    Field 
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main source of exfiltration in their catchment. This approach is frequently used 
by UK wastewater utility companies to define general levels of sewage loss and 
groundwater gain. While downscaling to the subcatchments level seems 
promising, it is nonetheless difficult, if not impossible, to downscale the results 
of catchment scale observations to a specific pipe to obtain information for 
rehabilitation planning.  
Within the investigations of leakage of private household sewer pipes, a 
considerable amount of tested pipes have been proven to be leaky or subject to 
deterioration to some extent and most of these studies urge for further 
inspections. Field investigations on the significance of this phenomenon are 
scarce and models are lacking completely. One important reason might be the 
severe practical and administrative difficulty in performing such investigations 
(IKT, 2003). From the data availability, one cannot say whether exfiltration 
from house connections is significant in terms of its general risk for soil and 
groundwater. However, in collaboration with operators and engineering offices, 
larger datasets might be available to perform proper data mining. It does seem 
necessary to initiate household inspection cycles as for municipal sewer pipes, 
but deterioration of house connections is the responsibility of the property 
owners. Thus, inspection cycles must be regulated by law if large scale 
improvements are to be achieved.  
Pressure testing of a certain sewer distance will give integral information, which 
might lead to a better transferability of exfiltration rates but requires significant 
effort and expensive hardware. A prerequisite are small scale information such 
as CCTV records, which are subject to both systematic and random errors. It is 
also necessary to clarify whether leakage rates obtained from pressure testing 
represent leakage under real conditions. Pipe scale investigations aim at finding 
a correlation between sewer damage format and exfiltration rates, which might 
be successful in a single case, but is nevertheless questionable for various 
reasons. A prediction of exfiltration rates on the base of CCTV records is 
difficult, because a damage type depends on i) the operator, ii) the evaluation 
scheme used, iii) the information handling. Processes of biological clogging or 
colmation have significantly more influence on exfiltration rates than any 
specific type of sewer damage (i.e. Rauch and Stegner, 1994; Vollertsen and 
Hvitved-Jacobsen, 2003; Blackwood et al., 2005b). Therefore, exfiltration rates 
of single damages are difficult to extrapolate to overall exfiltration rates.  
Tracer tests have been newly developed and have not been extensively tested 
yet. They are therefore applied and evaluated within this dissertation with regard 
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to their applicability in real sewers. It is thus aimed to accomplish the 
experimental setup with requirements for field testing. The methods are 
described in chapter 3. 
 
3 Evaluation of tracer methods 31 
3 Evaluation of tracer methods 
The tracer methods have not yet been tested for exfiltration measurements in 
real sewers. They were first applied within this dissertation and investigations of 
Prigiobbe and Giulianelli (2004) and De Benedittis (2004), all involved in the 
European APUSS project. Therefore the following section of this dissertation is 
dedicated to the testing and evaluation of the tracer methods applied in sewer 
systems. The brief description of the approach is followed by a test application 
in the cities of Dresden and Berlin (both Germany) and a sensitivity analysis and 
evaluation. 
3.1 Methods  
3.1.1 Theory 
The approach has been proposed by Rieckermann et al. (2005a). The mass 
balance of a tracer is employed to quantify integrated exfiltration over the 
considered sewer length in % dwf.  
The general idea is analogous to the dilution method frequently used for flow 
measurements in hydrology (Dingman, 2002). 
An indicator signal is dosed at the upper end of the investigated pipe. If 
exfiltration occurs somewhere along the considered pipe, tracer substance is lost 
with the seeping wastewater. No flow recording is required for the measurement 
of exfiltration. Instead a downstream reference signal is used to quantify 
exfiltration on the investigation pipe - together with the indicator signal - 
according to equation 3. A precondition for the exfiltration measurement with 
the tracer method is constant flow from the dosing of the reference signal to the 
sampling cross section.  
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Figure 7: General technique to assess exfiltration (Rieckermann et al., 2005a) 
Exfiltration is the ratio of the upstream and downstream flow, determined by 
observing the dilution of the introduced tracer mass, expressed as follows: 
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With  
E  exfiltration relative to the labelled wastewater 
INDM  mass of indicator tracer injected at the start of the investigation pipe 
REFM  mass of reference tracer injected at the end of the investigation pipe 
INDc  measured concentration of indicator signal 
REFc  measured concentration of reference signal 
t  time 
The measurement is performed applying two dosing procedures. The detailed 
description of the experimental setup is given in a “Standard Operation 
Procedure” by Rieckermann (2005a; 2005b):  
1. QUEST – pulse dosing with NaCl: The tracer is used for the indicator 
pulse at the upper end of the sewer and the reference signal at the 
downstream side of the investigated sewer line. The tracer substance is 
applied as pulse, i.e. the complete tracer mass is injected at once into the 
sewer system. The exfiltration is calculated by comparing the flow 
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determined by the indicator and the reference pulse and their 
corresponding masses. The background conductivity has to be considered 
in the analysis.  
2. QUEST-C – continuous dosing with Li+ and Br –: An improvement of the 
experimental design as well as the utilization of tracer substances, which 
are not regularly found in the sewage, led to QUEST-C. One tracer is 
continuously dosed with a known concentration and pump rate over a 
certain period as indicator signal at the upstream end of the sewer creating 
a tracer plateau. The other tracer is continuously dosed at the downstream 
side of the sewer as the reference signal.  
3.1.2 Data 
Preliminary investigations concerning flow regime (diurnal variation), 
background concentration, and conditions at the manholes to install 
measurement devices are indispensable. When applying QUEST, the 
conductivity background of the preceding day serves as input to the assessment 
of uncertainty, therefore it has to be recorded. During the measurement electric 
conductivity is logged continuously with 2 or more conductivity meters 
distributed over the crossectional area. Flow measurements shed light on the 
required constant flow conditions during measuring and help to calculate the 
height of the reference tracer. 
In Quest-C, the wastewater background, the background of the second tracer 
substance, and wastewater with both tracers added are sampled continuously 
every 10 minutes. Flow measurements assure constant flow conditions during 
measuring. Tracer substances are added continuously with a dosing pump, the 
decrease of tracer substance can additionally be considered by monitoring the 
scale during dosing.  
3.1.3 Experimental setup 
QUEST 
A flow meter and conductivity meters are required at the downstream end of the 
sewer, connected to a data logger. Clogging of probes can be avoided by 
ensuring sufficient discharge. Power supply in form of batteries or a generator is 
necessary for the data logging and a scale to weigh the masses of the pulses 
dosed into the sewer. The equipment is cheap and easy to obtain, yet the person 
in charge has to perform the measurement and might represent a source of error. 
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The operation of inline measurement devices allows for an immediate 
plausibility check of the current measurement. The slug injection is performed 
by weighing the amount of tracer solution and pouring it into the sewer 
manually. To avoid loss of tracer due to inaccurate tracer injection, one has to be 
very careful. High background conductivity requires more tracer mass. The 
measurement error is highly depending on the accuracy of the person in charge. 
A wrong dosing does directly affect the shape of the peaks and thus the 
exfiltration rate. A high number of introduced indicator pulses and their 
corresponding reference pulses increase the accuracy of the measurement.  
QUEST-C 
The tracer solution is pumped directly to the sewer with a dosing pump through 
a flexible tube. Installation and adjustment of dosing pumps are the crucial 
points. The containers with the tracer solution are placed on balances, which are 
connected to a data logger, to record the decrease of tracer solution over time. It 
has to be assured that the tracer solution stays homogeneous in the container. A 
constant pumping rate during the measurement is required. Sampling pumps are 
installed downstream of the investigated sewer line. Continuous sampling is 
implemented with sampling pumps and tubes. Every pump, balance, or data 
logger requires stable power supply. To monitor the flow during the experiment, 
a flow meter is installed at the downstream end of the sewer. However, the setup 
is rather sophisticated and expensive. Preliminary to the field investigation, 
sampling flasks need to be prepared, the tracer solution has to be mixed, and the 
equipment requires testing. After measuring, standards and samples are analysed 
by means of double or triple analysis. Flow and sample concentrations are 
analysed concurrently to find inconsistencies within the measurement. 
3.1.4 Assessment of uncertainty 
QUEST: 
A MCS is performed including 4 possible error sources (data availability 
assumed):   
- Mass losses by dosing (error from scale or measuring cylinder) 
- Baseline error (with baseline recorded at least 24 hours) 
- Model parameter uncertainty  
- Parameter uncertainty of calibration function (conversion of mV signal 
from conductivity meters to concentration) 
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The errors are lumped to an overall measurement uncertainty with MCS, 
indicating the quality of an experiment.  
QUEST-C: 
The uncertainty analysis comprises the error sources due to dosing, sampling, 
and variations in background concentration. The overall standard deviation is 
calculated with 
- standard deviation of composite samples 
- standard deviation of multiple analysis of reference tracer solution 
- standard deviation of stable pumping 
Furthermore, inconsistencies in flow and corresponding tracer concentrations 
are checked. Samples with inconsistent hydro- and pollutagraphs are eliminated 
beforehand. Redundant information and repeated sampling reduce the 
measurement error.  
The first measurements led to a number of boundary conditions indicated in 
chapter 3.2, which are mainly prescribed by the local authorities.  
3.2 Boundary conditions for the application of tracer tests 
3.2.1 Legal and technical preconditions for measurements in sewers 
Working in operating sewers is subject to a number of standards. On the one 
hand there are standards due to safety reasons and regulations by the local 
operator, defining safety equipment, number of persons, and access to the 
sewerage by persons not working in the sewerage company. Permission is 
required from the sewerage operators for access to the sewerage at night to 
observe the night flow, and at the investigation time. As manholes are often 
located in streets, additional permission for road cordon might be necessary.  
On the other hand measurements in the sewer with the installation of 
measurement devices inside or outside the sewer require certain physical and 
technical conditions at the manhole and in the sewer, allowing for an easy and 
safe installation of equipment, also in times of storm weather or control 
procedures. Further requirements at the observation site are: 
- water level more than 8 cm for installation of flow meters with and 
ultrasonic Doppler device or other probe in the medium 
- knowledge of sediments, obstacles in the sewer that hinder installation 
and/or distort results 
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- guaranteed gravitational flow 
- power supply at the site 
- maximum depth of manhole 8-10 m 
- maximum pipe dimension: 800 mm for using a sewer clamp to install 
devices 
3.2.2 Requirements for the application of tracer tests 
Applying the QUEST and QUEST-C methods, a number of items need to be 
considered (predefined by Rieckermann, 2005a,b): 
- Steady flow condition: Sewer flow is never steady, this behaviour is the 
reason for measurement errors. To avoid gross errors due to rapid 
variations in the discharge an additional flow measurement is carried out. 
The measurement uncertainty increases with decreasing flow as 
fluctuations in the flow cause very high relative errors.  
- Lateral inflows should range in the same tracer concentration as the sewer 
of interest. Lateral inflows cause an increasing flow within the sewer length 
and a dilution of the labelled wastewater. Lateral inflows can lead to (i) a 
decrease of the tracer concentration, which has to be considered in 
calculating the required input concentration, (ii) a higher tracer 
concentration gradient within the pipe of interest and/or (iii) a higher water 
level and a larger wetted perimeter area. This is further discussed in chaper 
3.4. 
- Zero or constant background concentration of the used tracers is required, 
as background sampling of the indicator tracer is not possible. Any 
additional input cannot be quantified. 
- Adequate laboratory equipment and equipment that can operate under 
sewer conditions. 
- Precise work by the people in charge with measurement and evaluation. As 
the experiments are conducted in sewers distributed within the cities, the 
characteristics differ with each measurement. A certain working routine 
helps to keep the accuracy of a measurement. Still, the measurement 
conditions are never the same. The setup and installation of the measuring 
station needs to be adapted to the new conditions at each sampling site. The 
measurement and the quality of the results in particular are highly 
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depending on the experimental setup. To reduce the effort also means to 
reduce the accuracy of the method. 
- Sewer length: The investigated sewer length has to be carefully chosen with 
respect to the leakage area and the occurrence of sediments or solids in the 
sewer that might contribute to tracer loss but not to exfiltration. 
Establishing a mass balance between the input tracer mass and the output 
tracer mass implies a particular uncertainty. The higher the amount of 
exfiltrating water, the lower is the uncertainty. Exfiltration can only be 
identified over a certain sewer length, which is to be selected under 
consideration of this uncertainty. The investigated sewer length is a 
function of the number and extent of potentially exfiltrating defects and the 
behaviour of the tracer in the sewer. Tracer mass might be hold back by the 
presence of sediments and solids in the wastewater or by the adsorption at 
sewer walls. This effect is intensified in rather long sewer lines.   
- The methods require a complete mixing of the tracer solution with the 
wastewater. It is assumed that loss of tracer mass is equal to wastewater 
loss. This assumption requires a complete mixing of the tracer solution 
with the wastewater. A source of error due to late a mixing is a higher 
tracer concentration in the wastewater in the upstream pipes. Density 
currents might occur with the tracer flowing at the bottom of the sewer with 
its higher density. Preliminary tests with NaCl give information on the 
mixing processes.  
Measurement should be performed in times of stable flow and conductivity 
background in the sewer. Measurements at night might represent such 
prerequisites best, provided sufficient sewer flow and permission of local 
operators.  
3.2.3 Experimental work and data analysis - introduction 
3.2.3.1 QUEST 
One experiment consists of 4 indicator pulses on average and at least 2 reference 
pulses with each indicator pulse. Sodium chloride is used as tracer substance 
with a tracer solution concentration of 100 – 120 gl-1, depending on the 
background conductivity in the particular sewer. The more unstable the 
background conductivity is the smaller is the probability of a good pulse shape 
recorded. Overall exfiltration is computed comparing the flow calculated 
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according to the indicator and the reference signal. The pulses are evaluated 
being an input to the data analysis according to the shape of the recovered pulses 
at the measurement station. Therefore nonlinear functions were fitted to the 
recorded peak data. The goodness of fit (Figure 8) and the range of percentils 
obtained from the assessment of uncertainty are used to evaluate the 
experiments. Figure 8 exemplarily shows a good fit. Residuals are low with 
maximum values of 5%, but they are not randomly distributed, which indicates 
that the baseline model (constant baseline in all cases) might not be an 
appropriate model for the measured baseline.   
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Figure 8: Exemplary peak fit of investigations site STE (see chapter 4.1.2) 
3.2.3.2 QUEST-C 
The tracer solution (indicator upstream: Lithiumchloride, reference downstream: 
Sodium Bromide) is dosed continuously into the sewer for a perdiod of 2 hours. 
10 composite samples of both background bromide (wastewater labelled with 
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Lithium) and wastewater labelled with lithium and bromide are taken using a 
suction pump. These samples are filtered instantly and cooled until analysed in 
the laboratory. Addionally, a tracer solution (standard) is mixed with a ratio of 
both tracers equal to the ratio dosed within the experiment. The exfiltration rate 
is calculated by the ratio of the standard and the average of the 10 composite 
samples. The experiments were evaluated comparing flow rate and 
concentration dynamics during measuring (Figure 9).  
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Figure 9: Data from QUEST-C experiment investigation site LDA (see chapter 4.1.2) 
 
It is shown that with decreasing discharge Bromide and Lithium concentration 
slightly increase. Ion concentration varies during measurements (in particular 
Bromide). The comparison of the ratio Li/Br (standard) and the ratio Li/Br 
(measurement) indicates tracer loss over the sewer length.  
3.2.3.3 Test sites and data 
Test sites were selected according to  
- their exfiltration potential with known water table or a water table evidently 
below sewer invert 
- the similarity approach (Franz and Krebs, 2005), claiming that similar pipe 
and catchment characteristics induce similar leakage rates. Thus, pipes in 
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homogeneous subcatchment were selected or pipes with a homogeneous 
appearance to create groups of pipes with at least one constant variable.  
Available CCTV records were used for a plausibility test as well as for 
calculating the leakage area in the sewer section investigated and the succeeding 
computation of leakage factors and exfiltration rates in ld-1cm-2. CCTV records 
are assumed being rather subjective, depending on the company in charge or the 
inspector. Still, they are the only small scale information available on sewer 
condition and they provide at least an idea of the state of sewer and can be used 
to check if the measured exfiltration is plausible. The leakage area is a summary 
of all probable leaks within the wetted perimeter. The wetted perimeter is 
calculated from the water level obtained during the measurement. As damages 
situated right or left handed of the pipe invert are subject to a lower water head 
and therefore most likely yield lower exfiltration rates, the unknown water head 
is accounted for by considering only half the size of the damage recorded within 
the CCTV protocols. As the calculation is rather an estimate of the real leakage 
area (exfiltration is invisible) a minimum, medium, and maximum value is given 
being input to a sensitivity analysis. A section of a typical CCTC protocol of the 
experimental site GER is shown in Appendix A, depicting the used information 
on damage formats, location, and extent of damages, water levels, and the 
estimation of the leakage area. 
3.2.3.4 Cost structure 
To round off the subject tracer experiments cost structures for both QUEST 
(Table 4) and QUEST-C (Table 5) were set up for conducting one experiment in 
a sewer. A certain measurement routine has been assumed in defining working 
hours. The costs vary according to the hourly costs of the particular worker.  
Table 4: Cost structure for one QUEST experiment 
work staff Duration [h] Cost per hour [€/h] Cost [€]
planning  engineer 4 60 240 €
preparation technician/laboratory 4 50 200 €
execution engineer + technician 8 110 880 €
Data analysis 
and 
documentation 
engineer 16 60 960 €
   sum: 2,280 €
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Table 5: Cost structure for one QUEST-C experiment 
work staff duration [h] cost per hour [€/h] cost [€]
planning  engineer 4 60 240 €
preparation technician/ laboratory 4 50 200 €
execution engineer + technician 8 110 880 €
data analysis 
and 
documentation 
engineer 16 60 960 €
laboratory 
analysis laboratory staff 8 50 400 €
   sum: 2,680 €
 
Operating costs incurred in using measurement devices, laboratory equipment, 
and chemicals are low compared to personal costs, and are included in overhead 
expenses. Compared to the estimated costs of sewer blocking/pressure tests with 
approx. 1600 Euro per experiment (2 persons, 2 days), the costs for conducting 
one QUEST or QUEST-C experiment are rather high. Yet, it must be noted that 
the tracer tests are conducted in an operated sewer with normal flow condition. 
In contrary, the wastewater flow needs to be redirected applying pressure tests, 
which is a major interference in an operated sewer, probably leading to higher 
costs. In case of new acquisition of devices, a price list with prices in Germany 
in 2005 is given in Table 6 for QUEST and in Table 7 for QUEST-C.  
 
Table 6: Costs for new acquisition of measurement equipment for QUEST-experiments 
equipment specification of equipment cost [€] 
personal safety 
equipment e.g. tripod, safety hat, safety boots, etc.  
1 PC/data logger  6,500
2 probes conductivity measuring probes, e.g. WTW LF340 + TetraCon 325S 1,500
1 flow measuring unit e.g. PCM3 NIVUS set 4,400
1 scale for tracer 
measurement e.g. OHAUS DP 150 (0-150kg, resolution 5 g) 1,200
laboratory equipment water tanks, receptacles for tracer storage 200 €
 Sum: 13,800 €
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Table 7: Costs for new acquisition of measurement equipment for QUEST-C 
experiments 
equipment specification of equipment cost [€]
Personal safety 
equipment e.g. tripod, safety hat, safety boots, etc.  
2 Notebooks with RS232 interface 2,000
2 flexible tube pumps  4,000
1 Flow measuring unit e.g. PCM3 NIVUS 4,400
2 Scales e.g. OHAUS DP 150 (0-150 kg, resolution 5 g) 2,400
Laboratory equipment receptacles for tracer storage, sampling flasks 200
 Sum: 13,000
3.3 First measurements 
This section starts with first application of QUEST and parallel application of 
both methods, an adjacent evaluation of the results, and concludes in additional 
requirements for conducting such tracer measurements. Detailed results of all 
experiments are documented in Appendix A. The procedure is briefly explained 
in chapter 3.1 based on the SOP of Rieckermann (2005a; 2005b). According to 
equation 5 tracer loss obtained from the experiments is expressed in percentage 
dwf. Thus, the recorded discharge is additionally listed in the result tables.  
3.3.1 Parallel application of QUEST and QUEST-C 
First, parallel tests of QUEST and QUEST-C were applied. 4 sewers were 
selected, 2 in one subcatchment. The sites are described in detail in chapter 4. 
CCTV records were available to calculate the leakage area. Table 8 details the 
sewer characteristics of the test sites.  
Table 8: Characteristics of sites, parallel measurements 
Sewer Length [m] Year of construction Material DN [mm] ALeak [cm
2] ALeak/Length [cm²m-1] 
STE 1220 1930 Clay 200-350 530 0.36 
LDA 1460 1927 Clay 350-500 990 0.68 
KCR 640 1985 Clay 300-400 416 0.65 
KRI 2000 1985 various 300-600 917 0.46 
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Appendix A-1 shows the experiment STE with graphs and tables of raw data, 
the peak fit and peak fit resulting residuals and the calculated exfiltration rate 
including the standard deviation (QUEST-C) or confidence intervals (QUEST).  
The results of the parallel measurements are given in Table 9, corresponding 
graphs of raw data in Appendix A-1. In two sewers parallel investigations led to 
similar results, the other two exhibit completely different exfiltration rates.  
Table 9: Results of QUEST and QUEST-C, parallel measurements 
Sewer Method 
No. 
considered 
samples/ 
pulses 
Qmean 
[ls-1] 
Qex 
[% dwf] 
Qex (2.5, 97.5 confidence 
level) 
[% dwf] 
Qex 
[ld-1cm-2]
QUEST-C 7 samples 6 8.8 -4.7 – 22.3 86 STE 
QUEST 4 pulses 7 14.6 2.5 – 16.7 167 
QUEST-C 10 samples 13.6 16.25 -8.8 – 41.3 193 LDA 
QUEST 3 pulses 13.6 5.6 2.6 – 9 66 
QUEST-C 5 samples 5.0 48 2.6 – 93.3 498 KCR 
QUEST 2 pulses 6.72 0.5 0.7 – 17.7 7 
QUEST-C 9 samples 13.9 1.6 -21 – 52 21 KRI QUEST 4 pulses 13.9 2.5 1.5 – 4.1 33 
 
The parallel application of QUEST and QUEST-C in STE led to similar results. 
Debris in the upstream part of the sewer line might indicate unintended tracer 
loss, but numerous damages downstream approve the detected exfiltration rate. 
The QUEST measurement in STE shows high residuals, although an evaluation 
of 4 indicator pulses, low background variation and stable discharge suggests a 
high quality measurement. The QUEST-C measurement suffers from a short 
power breakdown and therefore only 7 samples could be evaluated. The CCTV 
records of STE yield a relatively low leakage area, which does hardly 
correspond to the obtained exfiltration rate, compared with the results of the 
other sewers. The second parallel measurement (LDA) exhibited completely 
different results. The QUEST measurement was subject to medium background 
variations and unsteady flow, but 3 pulses could be evaluated and peak and 
baseline models were fitted satisfactorily. The QUEST-C measurement suffered 
from unsteady flow and high background concentration of bromide. Within later 
investigations (chapter 4.1.2) in the same subcatchment a second sewer line 
(SCA) was observed. LDA and SCA are identical in approximately 50 % of the 
sewer line (Figure 20). Most defects occurred within this part. A similar rather 
high leakage area per m sewer length suggests similar exfiltration for both sites. 
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Thus, the QUEST result with 5.6 % dwf seems more reliable for LDA, as it is 
similar to the result in SCA (5.1 % dwf). 
KCR is the upstream part of sewer KRI with approximately half of the mean 
discharge. According to the CCTV records potential leakages mostly occurred 
upstream, downstream slight debris was recorded, a similar exfiltration rate of 
KCR and KRI was thus expected.The application of QUEST-C in KCR was 
subject to some difficulties as only 5 of 10 samples were obtained with the 
suction pump. The delivery height was too high for the used pump. The 
QUEST-C measurements at KCR reveal thus rather a low measurement quality, 
the result of QUEST seems more reliable. It is further similar to the results 
obtained in KRI, which was a measurement of high quality, indicated by the low 
standard deviation. The higher flow rate and the long distance might have also 
contributed to measurement quality. The exfiltration rate is however small, 
being in the range that is quite susceptible to the occurrence of errors.  
3.3.2 QUEST 
For tests of QUEST in a real sewer network 5 sewer lines were selected (black 
dots in Figure 10, which shows all test sites in Dresden) that are located in the 
slopes of the valley of the river Elbe in the west and south of the City. 
Groundwater data are not available, yet the location does suggest no 
groundwater or surface water influence. The sewers are rather old (Table 10) 
and the small number of available CCTV records reveal heavy pipe deterioration 
and thus potential leakage.  
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Figure 10: Test sites in Dresden 
 
Table 10: Characteristics of observed sewers in Dresden (DD1) 
Sewer Length [m] Year of construction Material 
Dimension  
[mm] 
FRN 1340 1927/1936 Clay 200-300 
KES 1300 - Clay 200 
UTH 1280 1920 Clay 250 
WAR 1090 1916 Concrete 400-600 
STA 345 1900 Concrete 300-500 
 
Conductivity was checked beforehand. Low conductivity values of 0.8 mS cm-1 
suggested a good recovery of the introduced pulses. The results given in Table 
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11 (raw data are provided in Appendix A-2), exhibit small or zero leakage rates. 
Small leakage rates are within a range that is quite susceptible to the occurrence 
of errors.  
Table 11: Exfiltration rates of the first measurement campaign in Dresden (DD1) 
Sewer Method No. of pulses Qmean [l s
-1 ] Qex [% dwf]
Qex (2.5 and 97.5 confidence level)  
[% dwf] 
FRN QUEST 3 of 4 2.2 0 -0.11 - 0.69 
KES QUEST 2 of 5 3.0 1.5 0.04 - 4.48 
UTH QUEST 3 of 4 4.0 5.5 2.38 - 9.04 
WAR QUEST 4 of 5 4.2 0 -0.01 - 0.51 
STA QUEST 4 of 7 8.1 0.7 -0.10 - 1.47 
 
Turbulent flow conditions in all sewers allowed for a good mixing of the tracer 
solution. But, too much turbulence caused difficulties in monitoring flow and 
conductivity in KES. Additionally, unsteady background conductivity led to a 
limited data analysis with only two of five possible indicator pulses. The 
exfiltration rate of UTH complies with the defects in the sewer line. The 
provided tools for data analysis allowed for a good fit of peak and baseline 
models in the UTH dataset, as the baseline was relatively stable. In FRN and 
WAR peak and baseline models were fitted satisfactory, despite high background 
variation. STA exhibited a low and stable conductivity background and allowed 
for a complete data analysis. The pulses were recognised very well. The large 
number of indicator and reference pulses supported the result as well.  
3.3.3 Conclusions from the first application of QUEST and QUEST-C 
From the first measurements it can be concluded that the application of the 
methods as such are relatively quick. Yet, preliminary investigations such as 
selection of potential sites, authority permission, precursory flow and 
background measurements, preparation of measurement in the lab, and 
installation of equipment are rather time consuming. In Table 12 both methods 
are faced weighing up time consumption and complexity with quality of results.  
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Table 12: Comparison of methods according to their ability 
 QUEST QUEST-C 
Equipment Simple and inexpensive More sophisticated and expensive, power supply required 
Chemicals 
NaCl: huge amount of tracer 
solution, safe, high and varying 
background in wastewater, mixing 
problems due to concentration 
gradients 
LiCl and NaBr: health hazard, small 
volumes, no or small background in 
wastewater 
Dosing Manual Automatic dosing pumps 
Sampling Data logging Automatic sampling pumps, manual post-processing 
Laboratory 
tasks Calibration function 
Tracer preparation, GC, AAS, double 
and triple analysis 
Time 
preliminary investigations: 5 hours
Measurement: 5 hours 
Laboratory: 30 min 
Evaluation: 1 day 
preliminary investigations: 5 hours 
Measurement: 5 hours 
Laboratory: 1.5 days 
Evaluation: 1 day 
Data analysis R script, peak fitting  MS Excel 
Staff 2 persons 2 persons 
Quality of 
results 
depend on accuracy, mixing, 
baseline variation depend on accuracy, setup, laboratory 
Costs per 
experiment 2280 Euro 2680 Euro 
 
The experience from the first measurements leads to the following conclusions 
to be considered for measurements with QUEST and QUEST-C: 
QUEST 
• The simplicity of the application and equipment of QUEST can mislead 
the staff to fast and cursory work.  
• It was observed that a natural turbulence in the sewer causes better mixing 
of tracer and wastewater than using artificial turbulence from pumps or 
stirring.  
• Plug-flow might occur in case of little flow caused by the introduced 
tracer substance, which is normalized only after a certain sewer length. 
Thus, exfiltration would disproportional reduce the mass of the unmixed 
tracer. 
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QUEST-C 
• The application of QUEST-C offers a double check of tracer loss. The 
tracer substance is dosed automatically, which means, random errors by 
personnel can be excluded. Additionally, the decrease of tracer solution is 
weighed by scales. 
• It was observed that in spite of fully diluted tracer substance in the tracer 
solution, concentration gradients cause higher tracer concentrations at the 
bottom of the tracer tub. The tracer solution must be stirred again shortly 
before the dosing starts.  
• In case of high turbulence, the sampling tubes did not enter the medium 
properly over the sampling period, the defined volume per time is not 
guaranteed.  
• Depth of manholes: The pumps used are suction pumps that are installed 
outside the sewer due to safety reasons. The delivery height depends on 
the power of the pump used.  
• Careful handling of the reference samples during the observation, as the 
exfiltration rate is calculated using these samples. 
• Skilled personnel are required in the laboratory for GC analysis. 
3.4 QUEST sensitivity analysis  
Exfiltration is calculated corresponding to the tracer loss over the investigation 
pipe. In this section, effects of additional inflows and leak distribution on the 
calculation of exfiltration with QUEST are discussed. Tracer concentration 
changes with the dilution of the labelled wastewater due to additional inflows 
into the investigation pipe. This means, with additional inflows, the tracer will 
be diluted – tracer loss at the upstream end of the pipe is not necessarily equal to 
tracer loss at the downstream end of the pipe – exfiltration of lower concentrated 
water. Hence, the ratio of the upstream and the downstream flow (equation 5), 
expressing exfiltration is shifted to the point of the additional inflow. However, 
with inflows the water level also increases, which might yield higher exfiltration 
rates, assuming Darcy’s law properly describes the exfiltration process. At last, 
the influence of the distribution of leaks over the sewer length on calculated 
exfiltration rates is investigated.  
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3.4.1 Hydrodynamic modelling 
A hydrodynamic model was set up within this dissertation simulating a QUEST 
experiment. Exfiltration is defined according to Darcy’s law with a constant 
coefficient of permeability and a constant thickness of the soil layer. The 
computations were carried out with the software AQUASIM (Reichert, 1994), 
applying the one-dimensional river flow model with the diffusive-wave 
approximation, which allows simulating backwater effects. The calculation of 
tracer loss is performed with the software R analysing the concentration time 
series that have been recorded at the downstream end of the sewer line 
according to the SOP (Rieckermann, 2005a). A simplified scheme of the model 
sewer is shown in Figure 11 with input position for pulses and wastewater flow.  
 
 
Figure 11: Schematic illustration of model sewer 
 
5 inflows are distributed along a sewer line of 1540 m, the indicator pulse (QIND) 
is introduced together with the first inflow Q1. The first pipe guarantees the 
complete mixing of the tracer solution with the wastewater and does not exhibit 
any leaks. The other pipes exhibit a certain leakage area (Aleak1 – Aleak5). The 
reference pulse is introduced in the last pipe, concentrations and flow rates are 
recorded at the observation point.  
Several variants of leakage distribution were tested:  
- LIN linear damage distribution per sewer section length 
- VAR1 arbitrary damage distribution, adapted to original CCTV records 
- VAR1_ref VAR1 with an additional leak of 120 cm² in the reference section 
- VAR2 large damages upstream, small damages downstream 
- VAR3 small damages upstream, large damages downstream 
However, to illustrate the sensitivity of exfiltration on damage distribution, it 
was concentrated on a comparison of LIN and VAR2 (Table 13). 
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Table 13: Distribution of leaks over sewer length 
leakage 
area Aleak1 [cm²] Aleak2 [cm²] Aleak3 [cm²] Aleak4 [cm²] Aleak5 [cm²] Sum [cm
2]
LIN 105.95 105.95 105.95 105.95 105.95 529.74 
VAR2 240.00 180.74 96.00 9.00 4.00 529.74 
 
4 flow variants were simulated (Table 14). Flow variant Q1 exhibits only one 
upstream input. This is supposed to be the ideal investigation sewer line. For the 
flow variants Q2 –Q4 the discharge of 0.02 m³s-1 is identical at the beginning, 
Q2 receives the highest inflow after a length of 590 m, variant Q3 after approx. 
half the distance (810 m), and Q4 after 1120 m. The sum of inflows for every 
flow variant is identical. 
Table 14: Flow variants for simulation study 
Inflows  Q1 [m³s-1] Q2 [m³s-1] Q3 [m³s-1] Q4 [m³s-1] Q5 [m³s-1] Sum [m³s-1] 
Variant Q1 0.05 0 0 0 0 0.05 
Variant Q2 0.02 0.014 0.006 0.005 0.005 0.05 
Variant Q3 0.02 0 0.014 0.01 0.006 0.05 
Variant Q4 0.02 0 0 0.014 0.016 0.05 
Variant 
Qsmall 0.045 0 0.0025 0.0025 0 0.05 
 
The flow variants lead to different concentration patterns corresponding to the 
dilution of the labelled wastewater by additional inflows. Figure 12 shows 
exemplarily concentration gradients for the flow variants Q1 to Q4 in the 
investigation sewer.  
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Figure 12: Behaviour of tracer concentration in different flow variants 
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Not accounting for dispersion effects, the concentration of the labelled 
wastewater in Q1 is constant and lowest. The concentration of Q2, Q3, and Q4 
correspond to the amount and location of inflows to the investigation pipe with 
Q4 exhibiting the highest concentration over the longest time with the first 
inflow only after 810 m.  
3.4.2 Sensitivity of exfiltration on flow regime and damage distribution 
The calculation of exfiltration is based on a comparison of the upstream and the 
downstream flow, characterised by the dilution of either the indicator pulse or 
the reference pulse (see chapter 3.1.1). The ideal investigation sewer does 
therefore not exhibit additional sewage inflows, as represented by flow variant 
Q1.  
With additional inflows, like in all other flow variants, the indicator tracer pulse 
is most diluted after the last inflow. The pulse with a maximum dilution 
determines at the same time the point for calculating sewer loss. This means, the 
ratio QIND/QREF (equation 5) is determined at the point of a maximum diluted 
tracer pulse, which is at the beginning of the pipe for flow variant Q1 and at 
1120 m for flow variant Q3 and Qsmall (ideally assumed instant mixing). Figure 
13 compares the indicator pulses of flow variants Q3, Qsmall, and Q1 for 
linearly distributed leaks.  
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Figure 13: Comparison of conductivity time series (indicator pulse subtracted by 
baseline conductivity) of flow variants Q1, Q3, and Qsmall) simulated with damage 
distribution LIN  
The differences in both, indicator peak shape and area under the indicator peak 
are caused by the different flow regime over the investigation sewer. However, 
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the peaks of Q1 and Q3 differ much more than the peaks of Q1 and Qsmall. The 
calculation of exfiltration by QUEST will therefore yield different results with 
additional inflows. To estimate the error due to additional sewage inflows, it was 
investigated, how large the differences in exfiltration are with different sewage 
inflows. The calculation of exfiltration - comparison of indicator peak area of 
input peak and diluted peak in every sewer section - reveals considerably 
different rates for the two flow variants Q1 and Q3 (Table 15). This is caused by 
the concentration pattern in the sewer, which shows higher tracer concentrations 
in for flow variant Q3 until the tracer is maxium diluted (Figure 12). Two very 
small inflows on the other hand show only small deviations in exfiltration rates 
compared to the ideal investigation site. It is even possible to accept such small 
errors, even more considering sewer conditions, which are never fully known 
with e.g. undetected inflows by house connections sewers causing such 
deviations.  
Table 15: Cumulative exfiltration rates per sewer section in flow variant Q1, Q3, and 
Qsmall, linear damage distribution calculated with QUEST 
cumulative exfiltration rate [% dwf] 
sewer section 
LIN + Q1 LIN + Q3 LIN + Qsmall
590 m 4.89 7.43 5.16 
810 m 7.92 13.43 8.41 
1120 m 10.72 17.30 11.48 
1490 m 13.47 19.46 14.41 
 
The sensitivity of exfiltration on damage distribution is investigated in 
simulating QUEST with flow variant Q1 in a sewer with linear distributed leaks 
and a leak distribution with large damages upstream (VAR2). As shown in 
Figure 14, the indicator peaks are not as different as for varying flow conditions. 
However, this damage distribution yields more than 5 % dwf higher exfiltration 
rates compared to a linear damage distribution (Table 16).  
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Figure 14: Comparison of conductivity time series (indicator pulse subtracted by 
baseline conductivity) of two damage distributions simulated with flow variant Q1 
Table 16 illustrates as well, that the highest exfiltration occurs in the upper parts 
of the pipe. In addition, the superposition of large damages and a higher tracer 
concentration at the upstream part of the sewer leads to significantly higher 
exfiltration rates.  
Table 16: Exfiltration rates per sewer section calculated with QUEST: combination of 
different leakage distributions and flow variants Q1 and Q3 
exfiltration rate [% dwf] 
sewer section 
LIN + Q1 VAR2 + Q1 VAR2 + Q3 
590 m 4.89 10.34 16.20 
810 m 7.92 15.30 25.74 
1120 m 10.72 17.59 30.20 
1490 m 13.47 19.05 29.64 
1540 m 0 0 0 
 
To better illustrate the differences in exfiltration for the whole sewer pipe, 
exfiltration rates obtained with QUEST are compared to those calculated with 
Darcy’s law for linearly distributed damages and damage distribution VAR2 
(Figure 15). QUEST provides exfiltration in percentage dwf, the exfiltration 
flow rate [m3s-1] calculated with DARCY is therefore transformed into 
percentage dwf. Exfiltration calculated by Darcy’s law and therefore solely 
depending on the water level, corresponds to the flow regime in the particular 
flow variation. It was therefore selected as reference value to evaluate the error 
in exfiltration introduced by additional inflows into the investigation pipe. The 
lowest exfiltration rate [%dwf] is calculated for Q1 with the highest discharge 
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and the lowest tracer concentration, and the highest rate in Q4 with the lowest 
average discharge and the highest average tracer concentration for both leakage 
distributions.  
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Figure 15: Exfiltration rates derived from QUEST and DARCY simulation compared 
for LIN and VAR2 
As expected, simulating flow variant Q1 QUEST and DARCY yield almost 
identical exfiltration rates for both damage distributions. The results of flow 
variant Q2 simulated for linear damage distribution are similar to those obtained 
with the calculation of Darcy’s law, as the tracer is diluted rather at the upstream 
side of the sewer line. In VAR2 the tracer loss is higher due to the large 
damages upstream. Distinct differences in exfiltration of the flow variants Q3 
and Q4 revealed 5 % dwf higher leakage rates calculated with QUEST 
compared to DARCY.  
An additional large leak assumed in the reference pulse sewer section does not 
lead to higher exfiltration rates, supporting the statement that in this section both 
indicator and reference pulses are subject to equal tracer loss despite their 
different peak characteristics.  
Sewers with constant flow conditions and a sufficient and homogeneous sewer 
length are the appropriate sites to apply the tracer tests. Otherwise, the effort is 
unjustifiable, e.g. in quantifying additional inflows and recording concentration 
pollutographs. The distribution of leaks does also affect tracer loss, in particular 
linked to varying flow conditions. 
3.5 Evaluation of practicability of methods to quantify exfiltration  
To obtain optimal results, a detailed examination of the site including 
preliminary flow measurements and tracer background recordings is necessary. 
The location of leaks cannot be identified alone by tracer tests and require 
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follow-up CCTV inspections, which causes additional costs if there is no regular 
inspection.  
For sensitive areas, such as sewer pipes in drinking water protection areas, 
experimental layouts can be set up with repetitive measurements and different 
tracer substances to increase the accuracy of the results. The precision of 
estimated exfiltration is influenced by the dosing strategy (number of 
pulses/samples, timing, etc.) and should be improved through experimental 
design optimisation, especially in the case of QUEST.  
In the test application, severe systematic errors in the residuals could not be 
eliminated when the baseline was too irregular to be described with a simple 
parametric model. This leads to a more general questioning of the application 
potential of QUEST as the baseline in real sewers is often unsteady. In that 
context the flow regime represents a key point and doubt arises weather 
turbulent flow at the sampling cross section might affect the quality of the 
results obtained with QUEST. The continuous dosing procedure in QUEST-C 
seems to be more reliable, as automatic sampling and dosing avoid random 
errors caused by staff. Still Quest-C is quite costly in terms of effort, time, and 
equipment. The QUEST method is subject to larger measurement errors due to 
irregular background conductivities, but the simple setup allows for a fast check 
of sewer exfiltration. The measurement error can be reduced by a larger number 
of pulses introduced. In general, the staff performing the tests must be skilled 
and reliable. It can be assumed that with increasing routine measurement errors 
decrease.  
Results of the test application indicate that QUEST is suited best for sewers with 
low and stable background conductivity. Sodium chloride is not the tracer of 
choice for this method although it is cheap and always available. A tracer that is 
not present in sewage and can be recorded with inline devices in a required high 
resolution would ease the application of QUEST and help improving the results. 
In this context, Ellis and Revitt (2004; 2005 in Bertrand-Krajewski et al., 2005) 
Overall, applicability of tracer methods and inhomogeneity of sewers need to be 
considered when selecting sewer lines for an eventual study with QUEST or 
QUEST-C. 
The sensitivity analysis revealed that QUEST requires constant flow conditions 
within the investigation sewer. Small sewage inflows do not introduce large 
errors, yet all changes in the flow rate lead to dilution of the labelled wastewater. 
The calculation of the exfiltration flow rate is therefore based on most diluted 
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pulse which does not equal the upstream flow. Damage distribution does also 
affect the calculation of leakage rates applying QUEST, in particular with a 
superposition of large leaks and high concentration of the labelled wastewater.  
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4 QUEST and QUEST-C - Extended field study 
To further refine the experience made in the test application 18 experiments in 4 
catchments have been conducted and evaluated. The test sites were carefully 
selected, aiming for homogeneous sewer sections. Yet, it was difficult to comply 
with all requirements formulated in chapter 3.5. This is mainly due to the 
necessary sewer section length, but also due to the need to adapt the 
experimental design to difficult circumstances arising from the complexity of 
operating sewer systems.  
4.1 Experiments 
4.1.1 Measurement campaign in MAL 
The subcatchment MAL is situated in the north of Berlin. It was built in the 
early 1990s and shows a homogeneous appearance with its multi-storey 
buildings and street order. It is a high-density area with approximately 
60,000 inhabitants (Figure 16).  
Figure 16: Development of MAL 
Structure Types
Late 19th-century block-edge
development
Postwar high-rise development
Compact high urban living development of 
the nineties
Urban living development with low density
of the nineties
Low buildings with yards
Development with yards and semi-private 
re-greening
Villa development with park-like gardens
Village-like development
Dense development with predominantly
small-business and industrial use
Development with predominantly public
facilities, non-street traffic areas, or
construction sites
Non-built-up green and open spaces
Bodies of water  
 
Structural data and CCTV records of the sewers, and groundwater data were 
available. The distance to the water table is 10 to 40 m (Figure 17). But, MAL is 
situated on the Barnim-Plateau with boulder clay as aquitard and occurrence of 
floating groundwater. 
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Figure 17: Depth to groundwater in MAL (2003) 
 
According to the Berlin Senate Department of Urban Development 
(umweltatlas_Berlin, 2006) landfill and settlements are dominant in the upper 
soil layers, fine sand to medium sand in the subsoil. Permeability is low due to 
the high percentage of paved area (Figure 18). 
 
 
Figure 18: Permeability MAL (2002)  
 
The inflow to the pumping station at the catchment outlet from the last years 
(Figure 19) supported the statement that the sewers are not influenced by 
groundwater. The discharge decreased from 1995 to 2002 around 30 % due to 
changes in water consumption. The significant drop in summer is attributed to 
summer vacation. The hydrographs are very stable and do not show seasonal 
variation, which is expected for groundwater-influenced areas.  
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Figure 19: Monthly flow at pumping station MAL from 1995 -2002 
 
Additionally to the exfiltration measurement, flow and quality measurements at 
the catchment outlet were conducted to observe infiltration flow. Infiltration was 
calculated to 5 % dwf (Kracht and Gujer, 2005), indicating that sewers are 
hardly influenced by groundwater, as the infiltration rate is well within the range 
susceptible to errors. The flow measurements were additionally compared to the 
drinking water consumption in this area (Table 17). The discharge at night of 
22 m3h-1 measured by the operator with an inductive flow meter at the pump 
does not at all correspond to discharge of 62 m3h-1 additionally measured with 
an ultrasonic Doppler flow sensor in combination with the UV-VIS probe in the 
sewer before the pumping station. The drinking water consumption – 
extrapolated from the influent to the elevated tank to supply ¾ of the MAL 
population – rather confirms the measurements with the ultrasonic Doppler 
device. Still, the comparison of yearly discharge rates with the drinking water 
consumption reveals good agreement comparing drinking water consumption 
and discharge at the pumping station.   
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Table 17: Comparison of drinking water consumption and influent pumping station in 
MAL 
Drinking water consumption  Discharge pumping station Discharge ultrasonic doppler device 
Qnightflow 
Qyear 
60 m³h-1 
1.973 Tm³ 
Qnightflow 
Qyear 
22 m³h-1
1.982 Tm³ Qnightflow 62 m³h
-1
 
The preliminary investigations did not lead to a considerable leakage rates. But 
an evaluation of the condition of sewers suggests a strong indication for sewer 
leakage. In addition to the parallel measurements performed to test the methods 
(chapter 3.3.1), 5 more valuable measurements were conducted in MAL. All test 
sites are illustrated by the red lines in Figure 20.  
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Figure 20: Investigation sewers in MAL (black lines) 
 
Table 18 shows characteristics and leakage area of the observed sewer lines. The 
leakage area is obtained by considering all leakages in the wetted perimeter that 
are visible from the CCTV records (see chapter 3.2.3.3).   
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Table 18: Characteristics of investigation sites in MAL 
Sewer Length [m] Year of construction Material DN [mm]
ALeak 
[cm2] 
ALeak/Length 
[cm²m-1] 
HAG 780 1985 PVC, clay 200-300 227 0.29 
SKI 706 1985 various 200-400 246 0.35 
SRI 1490 1985 Various 200-600 454 0.30 
FAL 1035 1985 Various 600 464 0.45 
BIE 1060 1985 clay, concrete 200-400 848 0.80 
 
According to information given by the local operator the quality of 
workmanship in the 1980s, when these sewers were built, was rather poor, 
which is also demonstrated by the different materials used in one sewer section. 
The wastewater is not diluted by intruding groundwater; the background 
conductivity is thus rather high and unsteady, covering up to 0.2 mS cm-2 (see 
details in appendix A-2). Measurements at night were not possible, as the flow 
was too little and the conductivity did not stabilise significantly during hours of 
low human activity. The unsteady background conductivity causes serious 
difficulties for the measurement with sodium chloride. Table 19 shows the 
measured exfiltration rates in percentage dwf.  
Table 19: Exfiltration rates of sewers in MAL 
Sewer Method 
No. 
considered 
samples/ 
pulses 
Qmean 
[l/s] 
Qex  
[% dwf] 
Qex (2.5, 97.5 confidence level) 
[% dwf] 
Qex  
[ld-1cm-2] 
HAG QUEST 2 pulses 3.1 6.7 1.4 – 11.9 78.3 
SKI QUEST 5 pulses 3.4 9.6 8.9 – 10.7 114 
SRI QUEST 3 pulses 16.1 17.6 13.7 – 15.6 540 
FAL QUEST 3 pulses 25.0 3.6 0.6 – 17.5 166 
BIE QUEST 3 pulses 4.7 15.5 10.7 – 19.7 73 
KCR QUEST-C 5 samples 5.0 48 2.6 – 93.3 498 
 QUEST 2 pulses 6.72 0.5 0.7 – 17.7 7 
KRI QUEST-C 9 samples 13.9 1.6 -21 – 52 21 
 QUEST 4 pulses 13.9 2.5 1.5 – 4.1 33 
 
Clogging of the conductivity probes with toilet paper in HAG also due to small 
discharge caused tailing of pulses, probably leading to the high residuals. The 
leakage area per sewer length is small, but frequent change of profile and 
material within the sewer length might contribute to leakage. SKI, SRI, and KRI 
(one of the earlier parallel measurements) are connected as shown in Figure 21. 
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The leakage area of SKI and SRI is rather low, not supporting the relatively high 
exfiltration rates, in particular of SRI. The exfiltration rate of SRI rises to a 
value of 540 ld-1cm-2 when related to the leakage area, which is far beyond a 
realistic result, even  more, when compared to the exfiltration rate of KRI of 2 % 
dwf.  
 
Figure 21: Assembly of pipes KRI, SKI, SRI 
 
BIE and FAL showed high background variations causing high residuals. Peak 
and baseline models were fitted satisfactory. The leakage area per sewer length 
in both experimental sites supports the measured exfiltration rates. Yet, in BIE 
debris and sediments were detected over the whole sewer length, which might 
have led to unintended tracer loss.  
4.1.2 Measurement campaign in LR 
LR is situated in the far south of Berlin. It is a residential area with a high 
fraction of green and unpaved surface and single family housing (Figure 22). 
Data availability was good and CCTV data of the observed sewer sections 
existed as well.  
KRI
SKI
SRI 
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Figure 22: Development of LR  
Initial observations of discharge at the catchment outlet exhibited a water deficit, 
when comparing measured night flow with expected night flow in an area with 
50,700 inhabitants, which was attributed to a loss of water due to exfiltration. 
The water table was approx. 10 m to 40 m below the ground surface (Figure 23).  
 
Figure 23: Depth to groundwater in LR 
(2003) 
4-10m
10-20m
20-40m
confined groundwater  
 
LR might also be subject to the occurrence of floating groundwater, as the area 
is situated on the Barnim-Plateau with boulder clay as aquitard. Soil types are 
mainly landfill and settlements in the upper parts, in the subsoil fine sand to 
medium sand with rather low permeabilities (Figure 24).  
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The evaluation of discharge data to the pumping station at the catchment outlet 
from the last years (Figure 25) shows relatively stable hydrographs (except 1995 
and 2002) without any seasonal variation, which is expected for groundwater-
influenced areas. The significant drop in summer is attributed to summer 
vacation. 
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Figure 25: Discharge at the pumping station in LR from 1995 to 2002 (dry weather days 
in brackets) 
An evaluation of the condition of sewers suggests a strong indication for sewer 
leakage. In addition to the parallel measurements performed to test the methods 
(chapter 3.3.1), 6 valuable measurements were conducted in LR. Table 20 
characterises the observed sewer lines.  
 
 
Figure 24: Permeability LR (2002)  
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Table 20: Sewer characteristics in LR 
Name Length [m] Year of construction Material 
Dimension 
[mm] 
ALeak 
[cm2] 
ALeak/Length 
[cm²m-1] 
GER 1870 1928 Clay 250-350 568 0.30 
LOC 1475 1936 Clay 200-450 1623 1.10 
EKZ 1350 1965 Reinf. concrete 450-600 639 0.47 
KET 1100 1965 Asb. cementos 300-450 108 0.10 
ALT 1450 1930 Clay 200-350 585 0.40 
SCA 1320 1970 Concrete 300-500 1072 0.81 
 
The measured exfiltration rates vary considerably and exhibit large confidence 
intervals (Table 21).  
 
Table 21: Exfiltration rates in the sewers of LR 
Sewer Method 
No. considered 
samples/ 
pulses 
Qmean 
[ls-1] 
Qex 
[% dwf] 
Qex (2.5 confidence level) 
[% dwf] 
Qex 
[ld-1cm-2] 
GER QUEST-C 10 samples 2.2 20.5 -13.6 – 54.6 69.6 
LOC QUEST-C 9 samples 4.9 42.1 15.6 – 68.5 110.5 
EKZ QUEST-C 4 samples 10.2 18.8 -37.9 – 75.5 259 
KET QUEST-C 10 samples 2.35 0 -10.8 – 70.8 0 
ALT QUEST 2 of 4 pulses 4.1 8.6 3.2 – 10.3 51.5 
SCA QUEST-C 9 samples 11.3 5.1 2.1 – 8.1 46.4 
STE QUEST-C 7 samples 6 8.8 -4.7 – 22.3 86 
 QUEST 4 pulses 7 14.6 2.5 – 16.7 167 
LDA QUEST-C 10 samples 13.6 16.25 -8.8 – 41.3 193 
 QUEST 3 pulses 13.6 5.6 2.6 – 9 66 
 
A small flow rate and unsteady flow conditions in GER affected the ion 
concentration and caused high residuals. Furthermore, the travel time was rather 
long; suggesting high dispersion and thus indetected loss of tracer within the 
baseline, although debris was detected only to a very small extent. The high 
exfiltration rate of LOC is explained by the large leakage area. Yet, the high 
residuals cannot be explained by flow or background. Debris was detected only 
to a small extent, even infiltration occurred at the end of the observed line. The 
high residuals in EKZ are attributed to a high bromide background measured 
and unsteady Lithium concentration. Only 5 out of 10 samples could be 
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analysed, reducing certainty of the result. CCTV records revealed debris up to a 
magnitude of 60 % of the cross-sectional area, indicating loss of tracer due to 
dead zones. Additionally, the medium leakage area per m sewer length does not 
support the high exfiltration rate measured. Little flow and varying flow 
conditions with corresponding ion concentration might have caused high 
residuals in KET. CCTV records, not revealing significant damages within the 
sewer line, underline the result of zero exfiltration. Strong background variation 
due to turbulent flow conditions in ALT would suggest high residuals, but the 
peaks were fitted well and exhibited good results. Numerous damages in the 
upstream part of the sewer line support the observed exfiltration rate. SCA 
shows a high bromide background, but stable flow conditions, thus a small 
standard deviation (see also chapter 3.3.1).  
4.1.3 Measurement campaign in Dresden 
In addition to the first application of QUEST (chapter 3.3), two more 
measurements were conducted. The test sites are situated in the far south west of 
Dresden (subcatchment DD2, Figure 10, chapter 3.3). Both sewers are situated 
in old beds of the river Elbe, and are therefore subject to varying water table. 
Therefore, in SAL a very large measuring campaign covering water table, 
infiltration (flow, pollutants), and exfiltration (QUEST-C) was conducted. 
4.1.3.1 Observation of infiltration in SAL 
A part of the catchment is situated in an old river bed of the river Elbe causing a 
quick reaction to any groundwater movement. In connection with storm water 
accumulation due to loamy soils, a change in water table is quickly noticeable in 
sewers. The catchment is illustrated in Figure 26.  
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Figure 26: Sewer network of Dresden-SAL (test sewer exfiltration measurement: light 
grey coloured parts) 
 
First only an ultrasonic Doppler flow sensor was installed, accompanied later by 
an UV-VIS inline probe (www.s-can.at). To calibrate the probe a large sampling 
campaign was conducted over the whole period. The investigations have been 
conducted since October 2003. Infiltration was determined in applying a 
combined analysis of time series of pollutant concentration and discharged 
wastewater volume (Kracht and Gujer, 2005). In Figure 27 the hydrographs are 
exemplarily shown for the period 09.11.03 until 13.11.03 (exfiltration 
measurement on the 12th of November 2003). The infiltration model was set up 
for several time periods to explore any seasonal variation. The model fits rather 
well with the measured values, although the peak values could not be 
reproduced very well. The calculated infiltration rate is 0 for all periods 
observed.  
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Figure 27: COD measured and modelled and discharge in SAL  
Zero infiltration suggested at least some exfiltration as the sewer is subject to 
progressive deterioration (according to the evaluation of the few CCTV 
records).  
4.1.3.2 Investigation of exfiltration in SAL and LUG 
Both sewers exhibit small slopes and laminar flow. Characteristics of the test 
sites are shown in Table 22, exfiltration rates in Table 23. CCTV was not 
recorded in LUG, in SAL to a small extent, suggesting already serious 
deterioration.  
Table 22: Characteristics of the observed sewers in DD2 
Sewer Length [m] Year of construction Material Dimension [mm]
LUG 760 1952 clay 483-604 
SAL 840 1908 concrete 450-1000 
 
Table 23: Exfiltration rates in DD2 
Sewer Method Qmean [l/s] Qex [% dwf]
Qex (2.5 confidence level)
[% dwf] 
Qex (97.5 confidence level) 
[% dwf] 
LUG QUEST 2.1 1.5 0.01 4.12 
SAL QUEST-C 4.0 0.0 -16.27 16.27 
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LUG exhibited a low and stable conductivity background and allowed a very 
good data analysis conducting QUEST. The pulses were recognised very well 
and the large number of indicator and reference pulses supported the result. It is 
an example for very good measurement conditions and corresponding results. In 
SAL a high quality experiment applying QUEST-C with stable flow conditions 
and insignificant fluctuation of Lithium and Bromide concentrations. Although, 
evaluation of infiltration implied a realistic chance to detect exfiltration, 
exfiltration was not observed  
4.1.4 Measurements in Dresden-HEL 
Dresden-HEL is located in the very north of Dresden (Figure 10 in chapter 
3.3.2) at the slopes from the valley of the river Elbe. The quarter was designed 
and constructed from 1910 to 1920 as garden housing estate. Catchment and 
sewers are thus very homogeneous. The sewers were constructed in 1920 the 
predominant material being clay. The good conditions allowed for testing 4 
different sewers in one subcatchment to find possible similarities. The 
geological situation showed a disruption from sandy soils to rocky forms and 
occurrence of floating groundwater. Flow measurements at the catchment outlet 
(which corresponds to the sewer MOR) revealed an infiltration rate of 
approximately 40 % dwf estimated by night minimum analysis. However, the 
occurrence of infiltration does presumably not apply to the other sewer of 
investigation, as they are located much higher above ground level. The sewer 
characteristics are given in Table 24. CCTV records are not available.  
Table 24: Characteristics of the sewers in Dresden-HEL 
Sewer Length [m] Year of construction Material Dimension [mm] Slope [%] 
DOE 660 1920 clay 250 0.03 
PFA 560 1920 clay 250 0.02 
MAR 1170 1920 clay 250 0.008 
MOR 730 1920 concrete 250/375 0.004 
 
The investigations in HEL exhibit similar exfiltration rates in the observed 
sewers lying well within the range, which is prone to measurement errors.  
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Table 25: Exfiltration rates of the sewers in Dresden-HEL 
Sewer Method Qmean [ls-1] Qex [% dwf]
Qex (2.5 confidence level)
[% dwf] 
Qex (97.5 confidence level) 
[% dwf] 
DOE QUEST 3.1 0 0.05 0.2 
PFA QUEST 2.9 2.6 -0.2 6.7 
MAR QUEST 2.8 4.1 0.9 6.8 
MOR QUEST 10 2.9 -2.3 3.3 
 
The background conductivity was very low and steady in the whole catchment. 
Thus data analysis was excellent with well recognizable pulses. But, the sewers 
DOE, PFA and MAR are rather steep, introducing errors in recording water 
level and discharge and therefore in transferring exfiltration [% dwf] to an 
exfiltration flow rate [m³s-1]. 
4.2 Evaluation of exfiltration measurements 
4.2.1 Summary 
Figure 28 illustrates all exfiltration rates with 5 and 95 % percentiles, ranging 
more or less from 0-20 % dwf. For the purpose of a better visibility of the 
smaller rates, the y-axis was adapted. The actual 5 and 95% confidence levels 
are given in the corresponding tables. 
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Figure 28: Exfiltration rates in percentage dwf with 5 % confidence level 
Exfiltration rates in Dresden do not reach values above 6 % dwf (in average 
1.7 % dwf). Unfortunately, CCTV records are not available to calculate a 
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leakage factors or a rate per leakage area. Investigation sites in Dresden were 
selected only according to sewer and catchment characteristics. The sewer 
system in Dresden is largely affected by groundwater intrusion, which results in 
a relatively low conductivity, supporting the accuracy of QUEST measurements. 
In contrary, sewage water in Berlin shows very high conductivity values, 
designating these sewers for the application of QUEST-C. Exfiltration rates 
obtained in Berlin average to 11 % dwf reaching values up to 42 % dwf.  
Exfiltration rates in the relatively homogeneous catchments of MAL and LR are 
subject to large variations. Whether these differences are significant, also 
compared to exfiltration rates in other catchments, is detailed by means of a 
statistical analysis in chapter 5.3.  
Analysing the assessment of uncertainty, a detailed evaluation of the calculated 
standard deviation of QUEST-C measurements reveals that the standard 
deviation of samples is dominating with more than 80% of the total standard 
deviation; the standard deviation of measuring devices and laboratory analysis is 
negligible. A larger amount of samples per measurement would probably lead to 
lower standard deviations. The measurement results rely on a one day 
measurement. According to measurements of flow and conductivity during 
several days daily variation Berlin MAL and LR is relatively low. 
Measurements at night were not possible in none of the sites.  
Concerning QUEST, all possible error sources (flow, dosing, baseline, and 
laboratory) are expressed with an error distribution, being input to a MCS. This 
means, errors must be quantified before being input to the MCS. The tracer 
dosing error is obtained from either empirical distribution (requires experiments 
on dosing with the particular device) or theoretical assumptions (exponential, 
normal, lognormal, etc.). The baseline error as the probably largest error is 
obtained by additional baseline measurements during at least 24 hours. But, 
severe systematic errors in the residuals could not be eliminated for those cases, 
where the baseline was too irregular to be described with a simple parametric 
model. The distribution of errors of the results is computed by MCS. If only 
assumptions can be made on the error distributions, the standard deviation of the 
introduced error distribution is large, thus the standard deviation of the error 
distribution of the result becomes large as well.  
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4.2.2 Comparison with literature results 
A reference method to confirm the measurement results obtained with QUEST 
and QUEST-C was not found, as it is the only direct method applicable in real 
sewers measuring exfiltration from gravity flow. The measured exfiltration rates 
are thus compared to rates documented in literature (Figure 29 and Figure 30).  
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Figure 29: Exfiltration rates [ld-1cm-2] obtained in different studies 
 
Exfiltration rates from all studies vary largely mainly due to the different 
experimental design.  
However, the exfiltration rate from published data averages to 13 ld-1cm-2, the 
exfiltration rate from measurements in this dissertation to 87 ld-1cm-2, which is 
almost one magnitude higher. Yet, single values reported in literature reach 
exfiltration rates of approximately 100 ld-1cm-2, as well as half of the results in 
this study is well below 100 ld-1cm-2. Chapter 5.3.3 shows whether those 
differences are significant and determines variables responsible for those 
differences. 
Laboratory    Field 
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Figure 30: Exfiltration rates [% dwf] obtained in different studies 
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5 From structural sewer data to leakage rates  
First, a review throws light on the state of the art in modelling of deterioration of 
sewer pipes and water mains naming variables and possible modelling 
techniques. Second, the modelling techniques applied in this dissertation are 
briefly explained. Chapter 5.3 focuses on exfiltration rates obtained within field 
studies conducted as a part of this work. Three different approaches are used and 
evaluated: 
- Darcy’s law 
- Statistical analysis to identify variables affecting sewer exfiltration  
- Assessment of data from different studies on exfiltration. 
Chapter 5.4 is on modelling of sewer deterioration, as sewer deterioration is 
assumed to correspond to sewer leakage (Stein and Niederehe, 1992, Karpf and 
Krebs, 2004, Schulz et al., 2005). A thorough evaluation of CCTV records of 
the Dresden sewer system has been a prerequisite in this dissertation for 
identifying variables affecting sewer deterioration. This is achieved by rank 
variance analysis of the condition classes. At last, a regression analysis is 
conducted with damage class being the dependent variable.  
5.1 State of the art in sewer leakage and deterioration modelling 
Sewer leakage is always a consequence of sewer deterioration, resulting in high 
investment costs for sewerage operators due to the necessary rehabilitation 
measures. Problem-oriented rehabilitation planning is required to reduce 
investment costs and possible sources pollution of soil and groundwater. The 
literature focuses therefore on decision support for rehabilitation and ranking of 
pipes in order of deteriorating conditions. CCTV records as well as sewer 
maintenance and collapse protocols are evaluated and compared to either sewer 
characteristics or sewer leakage. All studies aim at the prediction of sewer 
deterioration by means of sewer characteristics or CCTV recorded damages. 
Variables associated with high influence on sewer deterioration or leakage were 
identified. Few studies performed leakage measurements together with CCTV 
records to predict sewer leakage. Several models of sewer deterioration 
presented so far are derived from approaches to quantify the deterioration of 
water mains – therefore this class of models is addressed first.  
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5.1.1 Analysis of the structural deterioration of water mains  
First approaches describing deterioration of pipes are trend functions (Shamir 
and Howard, 1979). Trend functions model aging of groups of pipes in relation 
to long time series of breakage history. The second modelling technique, a 
survival theory approach (Karaa, 1981) aims at the prediction the future 
breakage rate of a single water main or its probability of breakage. All models 
described in the following are more or less based on trend functions or survival 
theory approaches. A first attempt to consider pipe rehabilitation for a predition 
of breakage rates was only undertaken by Kropp and Baur (2005).  
Kettler and Goulter (1985) set up a deterministic model, predicting breakage 
rates using two or three parameters, based on pipe age and breakage history. 
Some moderate correlations were postulated, still, there was no validation by 
applying them to another sample: 
- Strong negative linear correlation between pipe diameter and breakage rate 
(larger pipes break less frequently than smaller pipes)  
- Moderate correlation between annual breakage rate and pipe age for 
asbestos cement and cast iron pipes  
Kulkarni et al. (1986) cited in Kleiner and Rajani (2001a) developed a cast iron 
maintenance optimisation system for the Gas Research Institute to identify 
failure-prone segments of gas pipes and to determine the optimal time for their 
replacement. The model is based on the Bayes theorem. Two groups of pipe 
characteristics were identified: static (e.g., diameter, length, soil type, etc.) and 
dynamic (e.g., cumulative number of breaks, age, etc.). The model cannot 
predict the number of breaks at a given time; rather it indicates the probability of 
failure within a certain period.  
A model proposed by Goulter et al. (1993) observed significant temporal and 
spatial clustering of water main failures in Winnipeg. They found strong 
evidence that an occurrence of a repair event is very likely to trigger a 
subsequent breakage in close proximity soon thereafter. They attributed this 
phenomenon to 
- deteriorated bedding conditions around the failure due to leakage  
- repairs of water mains in the winter 
- the actual repair process. 
Lei and Saegrov (1998) postulated from their investigations in water mains that 
the age of a pipe does not play a significant role for the remaining lifetime of the 
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pipe. They introduced two different approaches for describing failures and 
lifetimes of water mains. With counting models one can see the deteriorating (or 
improving) trend of a group of “identical” pipes and their rates of occurrence of 
failure. Groups of pipes were discriminated according to installation year, 
dimension and material. Eleven classes were defined on the basis of information 
on failures observed during the last years. Each class corresponds to a group of 
identical pipes with an assumed linear behaviour, predicting the number of 
failures per year. With lifetime models, one can estimate the probability of a 
pipe failing within a certain time horizon. Therefore a survivor function is 
estimated, which may depend upon a given set of explanatory variables. It was 
found that pipe material was a stratification criterion rather than an explanatory 
variable, implying that the underlying ageing processes differ for various pipe 
types. 
In setting up a probability model Cooper et al. (2000) established and analysed 
quantifiable relationships between variables, which influence mains failure. By 
measuring or estimating these variables, relationships are applied which predict 
failure under specified sets of conditions. It was stated that this method requires 
a large amount of detailed data or estimates to produce accurate results. The 
variables included within the modelling process were: 
- soil corrosivity class and soil fracture potential 
- no. of buses, cars/light goods vehicles, and goods vehicles per hour 
- trunk main peak pressure at 3 am (modelled) 
- maximum pressure difference (modelled) 
- ground elevation 
- pipe density function (proximity to other pipes) 
- pipe diameter 
- urban development year (as a surrogate for pipe age). 
Four variables were claimed explaining the distribution of mains failure 
assuming that they may provide surrogate measurements for a wider range of 
variables. These were: 
- no. of buses per hour which indicates the impact of heavy traffic loads 
- pipe diameter also as a surrogate for wall thickness 
- soil corrosivity class merged with soil fracture potential, representing the 
effect of corrosions and soil movements on trunk mains 
- pipe density function including disturbance from local excavation or 
operational procedures. 
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Pipe age and material were claimed to be important as well, however, detailed 
information was not available in this survey. With this approach the distribution 
of failures can be explained in a robust manner with the aim to collect additional 
data to increase confidence in key decisions. 
Le Gat and Eisenbeis (2000) illustrate the use of the survival theory approach 
using a Weibull Proportional Hazard Model and discuss its validity for the case 
that only short maintenance records are available. Two water networks were 
investigated: one with good data availability and one with rather poor data 
availability. It was assumed that a pipe is a segment of network serving the same 
road and is homogenous in material, diameter, age, and environmental 
covariates. The most important variable described is the number of observed 
previous failures. The data were split into strata according to the material as 
interactions between pipe material and other explanatory variables (e.g. 
corrosion due to soil for different materials) are to be justified. It was pointed 
out that the variables are weighted differently according to material and the 
number of previous failures of the pipe. Each water network has specific 
features affecting pipe failures and a universal model seems unlikely. The results 
of the water network with long records show that it is possible to detect pipes 
with the highest risk of failure by a small number of variables, i.e. only variables 
specific to the pipe. Taking into account environmental factors should improve 
the precision of predictions. A crucial consequence of the aforementioned is that 
the result obtained according to this methodology is catchment specific; i.e., it 
cannot be directly transferred from one water distribution network to the other. 
The time-dependent Poisson model represents the pipe breakage as a power 
function of pipe age. The scale parameter is modified by environmental and 
operational covariates, while the power parameter is said to be unique to the 
type of failure (Kleiner and Rajani, 2001). Modelling of the breakage history of 
water mains as a semi-Markov process was as well mentioned by Kleiner and 
Rajani (2001), but this model was found inadequate for predicting future breaks.  
Four models of the aforementioned have also been tested within the CARE-W 
project (Eisenbeis et al., 2003):  
- a Poisson model characterising the influence of failure variables 
- a proportional hazard model with a predicted failure output of each pipe 
section 
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- a non-homogeneous Poisson model, combining the influence of failure 
variables and failure history to predict future failures 
- a Markov model, using failure history and rehabilitation history for the 
calibration of ageing functions  
5.1.2 Sewer deterioration and sewer leakage 
A number of studies investigated on sewer leakage to correlate damage and 
sewer leakage, trying to draw benefit from eventual relations for problem-
oriented rehabilitation planning. Therefore, single damages were blocked and 
the exfiltration rate was determined by measuring the water level or the water 
loss in the experiment. Dohmann et al. (1999) conducted a large number of 
experiments in operated sewers and a test rig. Figure 31 shows all measurements 
conducted under non-pressurized conditions. The hatched columns represent 
values from operated sewers, whilst the values characterized by the solid 
columns are obtained in laboratory investigations. Leakage rates are expressed 
in l d-1 cm-2 leakage area. The authors found a correlation of pressure head/water 
level and exfiltration rate, yet a correlation between damage formats and sewer 
leakage could not be established. 
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Figure 31: Results of exfiltration measurements (fasciated: operated sewers, derived 
from Dohmann et al., 1999) 
 
Ullmann (1994) did not find a correlation between damage and leakage rates 
either (Figure 32). Yet, he stated the following findings:  
- A trend of self-sealing processes was detected. 
- An O-ring gasket (1980) is 5-8 times tighter than a sealing from 1960. 
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- Defects in concrete sewers are most likely to occur at joints of pipes. 
- Root intrusion and crossing cracks with a length less than 2 mm are 
trivial. 
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Figure 32: Leakage rates obtained in operated sewers derived from Ullmann, 1994 
Modelling ex- and infiltration in the Dresden sewer network, Karpf and Krebs 
(Karpf and Krebs, 2004, 2005) found variables mainly affecting sewer leakage 
as follows: water table, wetted perimeter of the pipes or surface area of the pipes 
wetted by groundwater and the pipe permeability (leakage factor). They also 
identified a correlation between distribution of infiltration and damage 
classification of pipes.  
According to EPA (1977), leakage in sewer systems is directly related to the 
material characteristics, soil and groundwater conditions, and to the manner in 
which installation is accomplished. 
5.1.3 Statistical and deterministic modelling of sewer pipe deterioration 
The distribution of defects examined for structural conditions (defects found 
during CCTV survey inspection of sewers in southern England) was analysed by 
O’Reilly (1989). The defects were observed in some 180 km sewer, representing 
0.1 % of the public sewer system of the UK. It was compared with other studies 
carried out in the UK and a fair consistency in the percentage of structural 
defects was recorded. The main statements with regard to the deterioration of 
the sewer are:  
- With decreasing age the structural defects do also decrease. 
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- The distribution of faulty connections and junctions decreases very slightly 
with age. 
- The highest defect rate was associated with vitrified clay pipes (7.5 %).  
- The average fault rate increases with increasing pipe diameter. 
- The occurrence of structural defects is proportional to the road size above the 
sewer. A high incidence of defects was reported in private gardens. 
- A slight decrease of the average structural defect rate is proportional to 
increasing depth of sewer invert. 
- Associating the distribution of structural defects with sewer use revealed that 
storm water sewers are exposed to a higher potential of structural 
deterioration. This figure can be somewhat misleading due to the fact that the 
main part of the samples consists of foul sewers. 
- A more detailed investigation illustrates the overall incidence of defect rate 
according to age. The overall defect rate of sewers constructed before 1944 is 
2-3 times higher than for the post war construction period. These findings are 
explained with the lower strength and poorer quality of the earlier clay pipes 
and the effects of new connections made to the existing sewers. Furthermore, 
surcharging and traffic are supposed to be of importance. Last but not least, 
the frequency of connections and junctions was much higher in the older 
sewers.  
- Concrete pipes are widely used for sewers excessing 400 mm of diameter. 
There is a pronounced decrease in defect rate for pipes constructed in 1918-
1944. The incidence of faulty connections to concrete pipes is higher than for 
clay-ware. The number of connections and junctions is much lower in the post 
war construction period, corresponding to the effect observed for clay pipes. 
- A connections frequency with pipe diameter was recorded. The diameter with 
the lowest number of connections per km (DN 501 to 550) has the lowest 
number of damages per km. With rising number of joints per km, an increase 
of the structural defects was recorded.  
 
Stalnaker (1992) describes a sewer rehabilitation methodology applied in Texas, 
which uses data from recent CCTV inspections and flow surveys and a number 
of pre-set rules to formulate maintenance decisions. Galeziewski et al. (1995), 
cited in Fenner (2000) describe a prioritisation procedure based on a 
photographic inspection and CCTV survey for the rehabilitation of large 
diameter unlined concrete sewers, which were prone to hydrogen sulphide 
corrosion damage. This approach is based on an algorithm combining the 
corrosion and structural condition of each pipe with other observed defects, 
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resulting in an overall impact factor. The impact factor is used to rank pipes in 
order of deteriorating condition, allowing pipes to be grouped into five condition 
categories. 
An approach to sewer maintenance (Hasegawada et al., 1999) claims to predict 
the time the sewer pipe should be repaired based on the knowledge of diameter, 
length, materials and other sewer characteristics. This methodology is based on 
the accumulated knowledge and experience of the professional engineers 
involved with sewer maintenance and management. CCTV is used to classify 
pipe defects. Since the condition of the sewers due to the kind of maintenance is 
investigated a detailed description is not given.  
Fenner and Sweeting (1999) developed a decision support model for the 
rehabilitation of non-critical sewers. Within these investigations a prediction of 
the probability of sewer failure was derived from historic performance data and 
asset data. A criticality index was formulated, which was based on overall 
frequency of the pipe length, the age of the sewer, variables to allow for pipe 
characteristics (such as number of connections, pipe material), normal system 
deterioration, changes in environmental conditions (such as fluctuating water 
table), and a term reflecting the extent of customer complaint. It was intended to 
use this number to target those sewers most at risk. After an investigation of 
availability of existing data it became obvious that only pipe material, sewer 
type, pipe size, and event history were consistently available. Other information 
could be abstracted from elsewhere but is not stored in standard databases. The 
initial concept was therefore rejected in favour of a simpler method of analysis. 
A first approach was a grid square analysis using GIS. Each square was queried 
for event history and pipe characteristics available. It was assumed that each 
grid contains assets of similar type and age and has consistent environmental 
factors. The resolution of the grid square may be defined to suit the type of 
catchment being considered. It was stated that the use of those physical asset 
information available did not produce high rank correlations. A second approach 
was an individual pipe ranking based on a Bayesian model. The probability of 
failure on a given pipe length can be obtained by adjusting the catchment wide 
probability of failure based on the relevant characteristics of the pipe. The pipe 
characteristics, which might be expected to influence failure, are sewer type, 
depth, size, shape, material, gradient, traffic flow, age, construction type, joint 
type, and soil type. As only a few of these characteristics are commonly 
available, the analysis needs to be refined concentrating on standard 
characteristics in the future. Besides, no statement concerning the ranking of the 
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characteristics was given. Fenner and Sweeting corroborate the theory that large 
amount of characteristics are expected to influence the condition of sewers but 
the data availability constrains the analysis considerably.  
Davies et al. (2001b, 2001c) investigated the field of sewer pipe deterioration 
and collapse. As a large number of variables may contribute to the collapse of 
the system and complex interactions exist between these variables, a so-called 
interactions matrix was set up (Davies, 2001a). Considering the views of expert 
sewerage practitioners the variables shown in Table 26 were assumed to be the 
dominant variables in sewer deterioration and collapse. These investigations do 
rely on experts experience and views and might be largely subjective, but 
skilful. In a second approach, the variables were identified by statistical analysis. 
A logistic regression model as a means of investigating the association of 18 
independent (explanatory) variables and the structural condition of the sewer 
(dependent variable) was applied. 10 variables were found to be statistically 
significant on the 5 % level (Table 26).  
Table 26: Variables affecting condition of sewers (Davies, 2001a) 
Multivariate regression Interactions matrix 
Debris 
Sewer pipe section length 
Sewer size 
Sewer use/purpose 
Soil fracture potential 
Soil corrosity 
Sewer location 
Groundwater regime 
Sewer material 
Bus flow 
Surface use 
Age 
Investment history 
Depth of cover 
Native soil 
Sewer diameter 
Standard of workmanship 
Connections 
 
 
Both investigations lead to similar results in that they identified a wide range of 
variables being important for the determination of the likelihood of sewer pipe 
collapse. The methods were not able to pinpoint one parameter or a small group 
of variables as being of outstanding importance. Comparing the two methods the 
variables connections/sewer pipe length, sewer diameter/sewer size, bus 
flow/surface use (both describing the use of the ground above the sewer) and 
soil were found to be of major importance within the interactions matrix and of 
significance in statistical analysis. 
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Müller (2002) performed a ranking of variables to identify the relevance of 
variables for sewer deterioration. It was aimed at giving decision support for a 
more selective inspection planning. The analysis was based on a very 
comprehensive database (4 sewer systems and their complete databases 
including CCTV inspections and structural data). The results of the rank 
variance analysis are shown in Table 27. 
 
Table 27: Relevance of variables regarding sewer deterioration (Müller, 2002) 
Variables Relevance 
Date of construction (Age, standards of pipes, 
sealings and workmanship) High 
Dimension 
Sewerage system (combined, storm, foul sewers) 
Depth of cover 
Soil 
Sewer material 
Medium 
Traffic load 
Bedding arrangement 
Low 
Profile 
Water table 
Catchment characteristics 
No statement 
 
According to Müller, the results based on a sample of approximately 500 pipes 
are transferable, allowing for a sufficiently accurate forecast for unobserved 
pipes. The ranking is also suitable for house connection pipes. 
Baur and Herz (2002) proposed the cohort survival model to determine the 
sewer lifetime probability distribution based on the principles that had originally 
been applied to population age classes. Functions describing the transition from 
better to worse classes are used to forecast the condition of sewers. With these 
transition functions, the most probable date of entering a critical condition class 
can be forecast from sewer characteristics such as material, period of 
construction, location, purpose (foul, storm water), profile diameter and 
gradient. The model is to be applied to groups of pipes that are homogeneous 
with respect to their material type and environmental/operational stress class.  
A new algorithm has been developed within the CARE-S project (Saegrov, 
2005), named GompitZ. The GompitZ tool is based on a Non Homogeneous 
Markov Chain statistical approach, and it is used to model the structural 
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degradation process of sewer pipes. For this purpose, the degradation process is 
formalized as successive transition functions between conditions classes 
according to survival theory models. The functions describe the probability of a 
pipe to enter the next worse condition grade.  
5.1.4 Summary 
Two studies investigated on a correlation between CCTV recorded damage 
formats and sewer leakage, but did not find significant correlations.  
Studies focused either on an identification of variables affecting pipe 
deterioration or a prediction of future development of pipe condition based on 
historical data. The approaches described are more or less limited by the existing 
knowledge and available data. The sewers are split into homogeneous groups 
with respect to their conditions classes. Either maintenance recordings or CCTV 
data and sewer or catchment characteristics were compared to predict pipe 
deterioration. Lifetime models were postulated, but mostly with moderate 
correlations and without validation. However, even the best analysis is only as 
good as the data that are available for its implementation. A relation of structural 
condition and breakage rate could only be established with a moderate 
correlation figure.  
An overview of variables that accelerate/influence the structural deterioration of 
water mains (mainly metallic pipes) is given, as well as an explanation of pipe 
breakage types. However, the breakage and therefore the design of the models is 
mainly traced back to the fact of corrosion. Therefore, water mains breakage 
modelling provides knowledge only for modelling approaches. In this context, 
Fenner (2000) summarized that sewers, which have not yet broken but are in a 
poor condition and need rehabilitation, would not be identified simply from 
sewer failure records (as water mains), as only complete breakages are recorded. 
CCTV inspections that do not exist for water mains will be more suitable for 
modelling the technical state of sewer pipes. 
However, it was not possible to pinpoint one parameter or a small group of 
variables as being of overriding importance. Variables frequently named are:  
- material 
- connections (number and type) 
- soil and groundwater conditions 
- quality of construction 
- pipe dimension 
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- location (traffic, surface load). 
Material and pipe dimension are mostly regularly documented, whereas number 
and type of connections might not be easily available. Soil and groundwater 
conditions can be obtained from boreholes and piezometers, traffic load from 
traffic census. Quality of construction can be described by the historical 
development of construction features in sewer networks (Figure 33). This might 
be a basis for the assumption that quality of workmanship can be represented by 
construction period. However, the collection of data is difficult, even more for a 
large area of interest. Sewer operators only started with inspection of sewerage 
systems and groundwater monitoring stations are often found in a low spatial 
resolution.  
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Figure 33: Historical development of construction features (information derived from Stein and Niederehe, 1987) 
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5.2 Statistical methods  
Within the frame of this thesis, the following statistical methods (Bortz, 2005) 
have been applied to the measured data in order to derive basic information on 
variables affecting sewer condition or leakage by observing the distribution of 
both, predictor variables (independent variables or grouping variables, in the 
following with italic letters) and dependent variable (condition classes or 
leakage rate).  
Non-parametric tests are applied to evaluate damage classes and leakage rates 
for small samples and for variables with unknown distribution (Bortz, 2005, 
Conover, 1999). Non-parametric tests are assumed to have less statistical power, 
which is caused by the lower number of samples and the use of only the ordinal 
information of data. Mann-Whitney u-test, analysing 2 independent samples, 
was applied, comparing two samples concerning their mean value for some 
variable of interest (dependent variable). It measures how much the average rank 
of the first group differs from the average rank of the second group. The u-test 
serves, on the one hand, as a means of determining reasonable intervals to 
describe the data. That means, if two adjacent groups do not differ significantly, 
both groups can be merged into one group. On the other hand, the affect of a 
variable on sewer condition can be estimated. If the groups differ significantly, a 
strong influence of the investigated variable can be assumed. For more than 2 
independent samples, Kruskal Wallis analysis was used, again employing a 
comparison of ranks.  
As nonparametric tests have lower statistical power, bootstrapping as a second 
nonparametric method is introduced (Mooney and Duval, 1993). Bootstrap 
samples allow for conclusions about the characteristics of the investigated 
sample rather than making perhaps unrealistic assumptions about the population. 
This means, bootstrapping will use the sample data as if they were the 
population and empirically build a picture of the sampling distribution of the 
sample regression parameter. Bootstrapping was conducted with a shareware 
program called Resampling stats (www.resample.com). Bootstrap and (non) 
parametric inferences have the same underlying purpose: using information 
from a sample (limited information) to estimate the sampling distribution of a 
statistical parameter to make inferences about a population parameter. The key 
difference between these approaches is how they obtain this sampling 
distribution: 
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• Parametric inference uses a priori assumptions about the shape of the 
parameter. 
• Traditional nonparametric inference determine the sampling distribution 
from data 
• Bootstrapping uses the sample data as if they were the population and 
empirically build a picture of the sampling distribution of the parameter 
by resampling the data many times. 
Bootstrapping is thus also nonparametric inference. Bootstrapping works as 
follows: the statistic is calculated for the original sample, e.g. in this case sum of 
absolute deviations among group means. MCS is applied to generate an 
empirical estimate of the statistics sampling distribution. MCS draws a number n 
of resamples of a certain size from the original sample randomly with 
replacement and calculates the statistics for each of the samples. Each sample is 
somewhat different from the original sample, each resample is made up of 
members of the set of the original sample, but it does not comprise an identical 
set. The relative frequency distribution of these n resample parameters is the 
bootstrapped estimate of the sampling distribution of the parameter. The 
measure of significance for bootstrap samples is the probability: the fraction of 
resampled values of test statistics (sum of absolute deviations among group 
means) that is bigger than the original value. If the probability is low, it can be 
concluded that the sample means differ from one to another to a greater extent 
than might arise by chance. 
In spite of the poor data availability, ANCOVA with one predictor and one 
covariate was applied to know whether the variances change with addressing a 
covariate. ANCOVA is only applied in addition to the non-parametric tests. In 
general, the purpose of analysis of variance (ANOVA) is to test for significant 
differences between means. If we are only comparing two means, then ANOVA 
will give the same results as the t test for independent samples. Significance 
testing is achieved by a comparison of the variance due to the inter- groups 
variability with the within- group variability. Under the null hypothesis (that 
there are no mean differences between groups in the population), the variance 
estimated based on within-group variability should be about the same as the 
variance due to between-groups variability. We can compare those two 
estimates of variance via the F test. If the ratio of the two variance estimates is 
greater than the critical F-value (depending on p-1 numerators degree of 
freedom an p(n-1) denominators degree of freedom), the null hypothesis of no 
5.2 Statistical methods 89 
differences between means is rejected, and the alternative hypothesis that the 
means (in the population) are different from each other is accepted. If one 
predictor variable is defined as a covariate, the analysis is called ANCOVA 
(analysis of covariance) with a smaller sample size than required for ANOVA. 
Besides the normality assumption, the following assumptions must be met: 
Equal error variances of the dependent variable across groups are required as the 
error variance estimation is based on adding the single variances from groups. 
The test is performed with a Levene statistics, which is also robust when the 
normality assumption is not met. 
Independent residuals: An extra assumption of ANCOVA is that there is no 
significant interaction between covariate and variable, so a model with an 
interaction term is to be fitted first. 
To assess a relation in question correlation analysis and linear regression 
analysis are conducted. Linear regression analysis works only by assuming that 
the dependent variable is measured on a cardinal scale, such as exfiltration rates. 
To investigate on relationships of damage classes and predictor variables, 
ordinal regression is applied (equation 6), that allow for both, dependent 
variable and predictor variables on an ordinal scale (Agresti, 1990; SPSS, 2003).  
 
pipijij xxylink ,1,1 ...()( ββ ++−Θ=  equation 6 
 
with )( ijylink  the link function according to the distribution of data 
jΘ  threshold or constant for the ith category (corresponding to the intercept of 
a linear regression model), based on the marginal probabilities for the outcome 
category 
pββ −1  regression coefficients 
pxx −1  values of predictors for the ith case 
The model predicts a function (link function) of the actual cumulative 
probabilities. The form of the link function is chosen according to the 
distribution of the data analysed.  
 
90 5 From structural sewer data to leakage rates 
 
5.3 Conceptual modelling of sewer exfiltration 
5.3.1 Monte Carlo Simulation of leakage factors 
5.3.1.1 Model and input data 
Soil conditions and processes of biological clogging or colmation are assumed 
having significant influence on sewer leakage (i.e. Rauch and Stegner, 1994; 
Vollertsen and Hvitved-Jacobsen, 2003; Blackwood et al., 2005b). It is difficult 
to determine soil conditions in urban areas as the original soil type is 
predominantly substituted or covered by sediments and anthropogenic landfill. 
The sewer pipes investigated in the current study have been in operation for a 
long time without any disturbance of the permeability by varying water table, 
suggesting constant soil conditions. But, groundwater intrusion has also been 
recorded in CCTV protocols of a few sewers, suggesting that soil conditions are 
not constant for all sewers. A model based on Darcy’s law calculates leakage 
factors expressing the permeability of both pipe and colmation layer with a 
linear dependency between hydraulic gradient, cross-sectional leakage area and 
exfiltration rate. The leakage area is obtained from CCTV records of the 
investigated sewer pipe with information on kind, extent, and location of leaks 
(see chapter 3.2.3). For the MCS, a uniform distribution of the leakage area with 
minimum and maximum values is assumed. The water level is a mean value 
according to the conducted measurements represented by a normal distribution. 
The third input variable is the measured exfiltration rate which is actually 
determined as % dwf. This is not an appropriate input to the leakage approach as 
described in chapter 2.1.2. Exfiltration rate is therefore transformed into m³s-1 
using the discharge recorded during the experiments. 
For practical reasons, it can be questioned whether the necessary information on 
leakage area, soil properties, and water level are available in sufficient accuracy 
to apply the Darcian approach for a real sewer situation. Thus, the leakage factor 
in the catchment scale investigations of Gustafsson (2000) and Karpf and Krebs 
(2004) has been related to the wetted perimeter as representing the unknown 
leakage area, i.e. pipe porosity is assumed to be uniformly distributed. This 
applies in particular for those sites where CCTV records are not available and 
for large scale investigations, where the computation of leakage areas is an 
unreasonable effort. The wetted perimeter is related to pipe dimension and the 
water level in the sewer – area covered by water divided by its secant, as leaks at 
the invert are subject to higher water pressure compared to leaks situated on the 
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left or right side of the pipe (Figure 34). Otherwise leakage factors reach 
minimal values being indirectly correlated to the water level. A mean value over 
sewer length is calculated. 
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Figure 34: Scheme for calculation of wetted perimeter  
 
A spectrum of possible leakage factors and a respective probability distribution 
is calculated by MCS with 5000 samples for both variables, wetted perimeter 
and leakage area.  
5.3.1.2 Leakage factors related to the leakage area  
Leakage factors lie within a range of 0 and 0.19 s-1, except the leakage factor of 
SRI with 0.48 s-1. As depicted in chapter 4.1.1, the exfiltration rate of SRI might 
be far beyond a realistic value for the given boundary conditions, likewise the 
calculated leakage factor. The leakage factors are therefore illustrated in Figure 
35 without the SRI experiment. Additionally to the leakage factors and there 
2.5% confidence levels, Figure 35 shows the exfiltration obtained within the 
field measurements for each site. The soil permeability varies from 0.0008 to 
0.0001 with a mean value of 0.0003 ms-1. According to the good fit of modelled 
and measured exfiltration rates it can be stated that the applied Darcy approach 
is an appropriate model describing exfiltration, assuming laminar flow 
conditions in the soil below the sewer pipe.  
Figure 35 shows also that the standard deviations, which increase with 
increasing exfiltration rate can already be explained by the range of the input 
variables, that cause similar standard deviations for the simulation of 
exfiltration. 
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Figure 35: Comparison of leakage factors related to leakage area measured and 
modelled with a darcian approach  
 
As a second test of plausibility leakage factors obtained within this study were 
compared with values from literature revealing that leakage factors obtained 
within this study are well within the magnitudes of other studies (Figure 36). 
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Figure 36: Leakage factors  
Laboratory    Field 
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However, the confidence intervals of the computed leakage factors increase with 
increasing rate.  
 
5.3.1.3 Leakage factors related to the wetted perimeter 
Leakage factors related to the wetted perimeter range from 1E-06 to 2E-05 
omitting the again very large value of SRI (Figure 37).  
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Figure 37: Leakage factors related to the wetted perimeter 
 
Assuming a thickness of the colmation layer (∆s) of 1 cm and 10 cm, the 
permeability of the pipe kf is calculated with one to two orders of magnitude 
higher values. The permeability of the pipe corresponds to the permeability of 
sand. The obtained permeability is a realistic value when the pipes are laid in a 
bedding of coarse sand.  
5.3.2 Identification of variables and correlation analysis 
5.3.2.1 Identification of variables affecting sewer leakage 
In order to identify variables affecting sewer leakage, exfiltration rates observed 
within this work in % dwf, sewer and catchment characteristics are investigated. 
Sewer characteristics being input to a model have been pre-selected by (i) the 
literature review and (ii) data availability, namely material, quality of 
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construction expressed by construction period, dimension, and catchment 
(traffic, surface load). Data were grouped to limit additional variance: 
- Material groups: concrete, clay, and mixed material 
- Construction period: 1900-1930, 1960-1980 
- Dimension: smaller 300 mm, 300-600 mm 
- Catchment: Berlin-MAL, Berlin-LR, Dresden-HEL, Dresden-DD1, Dresden-
DD2 
Table 28 comprises detailed sewer and catchment characteristics.  
 
Table 28: Catchment characteristics  
 DD1 DD 2 DD_HEL MAL LR 
Area suburban area 
suburban 
area row houses 
multistorey 
buildings housing estate 
Geology 
slopes of 
the river 
valley 
river valley 
sediments 
river valley pla-
teau, confined 
and floating 
groundwater 
Barnim plateau, 
confined and 
floating 
groundwater 
Teltow plateau, 
confined and 
floating 
groundwater 
Soil inhomo-geneous landfill, sand  landfill, sand 
landfill, loamy 
sand 
Ground-
water 
below 
invert 
river 
induced, but 
not detected
unknown 4-20 m below invert 
10-20 m below 
invert 
Pipe dimen-
sion 200-600 300-750 250 200-600 200-450 
Year of 
construction 1900-1936 1908-1925 1910 1980 1930/1965 
CCTV 
records no partly no Yes yes 
No. samples 5 2 5 7 8 
 
The number of experiments is rather small and does not meet the requirements 
of the normality assumption (the descriptive statistics is depicted in Appendix 
B). Thus, nonparametric statistics were applied. To evaluate differences in 
exfiltration rates the Kruskal Wallis analysis of ranks was used. Due to the small 
sample and to confirm the results obtained with Kruskal Wallis analysis, 
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bootstrapping was used building a picture of the sampling distribution of the 
parameter by frequent resampling. The results of the Kruskal Wallis analysis 
and Bootstrap sampling with the predictor variables catchment, construction 
period, and pipe dimension are shown in Table 29 with bold letters representing 
significant differences. 
Table 29: Results of Kruskal Wallis test with sewer characteristics 
grouping 
variable predictor Significance 
probability (bootstrap 
samples) 
year catchment   
1900-1930 HEL, DD1, LR 
DD1-HEL 
LR-DD1 
LR-HEL 
all 
0.455
0.006
0.011
0.006
DD1-HEL 
LR-DD1 
LR-HEL 
all 
0.406
0.01
0.021
0.063
1960-1980 LR, MAL 0.909 0.477 
year dimension [mm]   
1900-1930 < 300 300-600 0.058 0.058 
    
1960-1980 < 300 300-600 0.862 0.384 
dimension [mm] year   
< 300 1900-1930 1960-1980 0.13 0.028 
    
300-600 1900-1930 1960-1980 0.825 0.258 
 
Exfiltration rates from sewers in different catchments which had been 
constructed from 1960-1980 are not significantly different, this is contrary to 
exfiltration rates from sewer constructed in the years 1900 to 1930, where a 
pronounced difference has been detected. The probability derived from 
bootstrapping confirms the findings. A more differentiated inference, 
investigating all possible subcatchment combinations for HEL, DD1 and LR 
also reveals that differences in exfiltration rates are not necessarily due to the 
construction period. This becomes clear as differences in exfiltration rates in 
DD1 and HEL are not significant. 
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The comparison of exfiltration rates grouped by dimension and construction 
period yields insignificant differences in rates comparing small and medium 
diameters constructed 1960-1980. Differences are significant on the 10% 
confidence level for small and medium pipes constructed 1900-1930. These 
results indicate that quality of construction at the beginning of the 20th century is 
strongly depending on workmanship. Insignificant variations in sewer leakage in 
the two construction periods for small and medium diameter pipes were found 
by Kruskal Wallis analysis. Bootstrapping confirms the findings for medium 
sized pipes, but claims significant differences in exfiltration rates for small 
diameter pipes within the two construction periods. Yet, this contradiction might 
be caused by the small number of small diameter pipes constructed 1960-1980. 
5.3.2.2 Relationship of exfiltration rate and sewer characteristics 
A possible relation is investigated with the dependent variable exfiltration rate 
[%dwf] and the following predictor variables and groupings: 
- urban land use: city-high density area, residential-low density area, 
periphery 
- dimension: smaller than 300 mm, 300-600 mm, larger than 600 mm 
- material: concrete, clay, mixed 
- year of construction: 1900-1920, 1920-1935, 1960-1980 
The correlation analysis reveals low correlation coefficients (Table 30). The 
highest correlation coefficient was found for a relation of exfiltration rate and 
catchment with 0.537. The values are confirmed by nonparametric correlation 
coefficients, which are called Kendall’s Tau and Spearman’s Rho (Bortz, 2005).  
 
Table 30: Correlation coefficients (Pearson correlation) modelling exfiltration rates 
[%dwf] 
 Catchment Dimension Material Year Exfiltration [%dwf] 
Catchment 1 0.054 0.233 0.290 0.537* 
Dimension 0.054 1 0.518* 0.306 0.024 
Material 0.233 0.518* 1 0.638* 0.104 
Year 0.290 0.306 0.638* 1 0.147 
*  Correlation is significant at the 0.01 level (2-tailed). 
 
Neither linear nor nonlinear relationships are detectable (e.g. the relation of 
exfiltration rate and pipe age in Figure 38) and the univariate regression model 
with either pipe age or pipe dimension revealed low R² as well. An ordinate 
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regression model cannot be applied as exfiltration rates are provided on an 
interval scale.   
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Figure 38: Exfiltration depending on pipe age 
 
 
The linear regression analysis is restricted to the interval scaled predictor 
variables pipe age and dimension and the dependent variable exfiltration rate [% 
dwf]. The linear regression model yields a rather low R² (Table 31) and the 
variation explained by the model might as well be due to chance. It must 
therefore be assumed that the predictor variables do not properly predict 
exfiltration rates.  
Table 31: Regression coefficient modelling exfiltration rates [%dwf] 
Model R R² Adjusted R² Std. Error of the Estimate 
1 0.138 0.019 -0.063 0.0958476 
 
According to this result the regression equation with its regression coefficients is 
not depicted.  
5.3.3 Transferability of results 
The results of modelling sewer leakage with the data measured within this study 
revealed only poor relations. Therefore, the question arises if a combination of 
exfiltration data from different studies does increase the information content 
regarding exfiltration. In other words:  
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- Are the mean exfiltration rates significantly different with different 
experimental design? 
- Does experimental design significantly affect exfiltration rates? 
To answer the questions posed 63 experiments on exfiltration in different 
catchments were enclosed in the following investigation. Laboratory as well as 
field measurements were considered. The analysis was performed by tests of 
significance for the dependent variables (i) exfiltration rate [ld-1cm-2] and (ii) 
leakage factor [s-1] with identical predictor variables. Using these units, the 
leakage area as one possible predictor variable is already included, the usage of 
leakage factors is furthermore an objective measure of pipe and soil 
permeability. Exfiltration rates derived from own field measurements and from 
the literature (field and laboratory investigations) are compared with respect to 
the following predictor variables: 
- Catchment: catchment characteristics as aggregate variable with 
homogeneous conditions either in laboratory of field 
- Methods: gravitational tests (normal flow conditions) and block tests 
(blocking of pipes with water levels of less than 50% of the pipe 
diameter) 
- Location: laboratory and field studies 
 
Table 32: Summary of data, dependent variable exfiltration rate [ld-1cm-2]  
1: Dohmann et al., 1999 
3: Ullmann, 1994 
2: Krug, 2005 
4: own measurements 
 
catchment           method                location n Mean standard deviation 
AAC1 Blocking  sewer 7 42.12 36.26 
LAB11,2 Blocking laboratory 4 0.626 0.706 
LAB21 Gravitational  laboratory 18 1.85 3.29 
VEIT3 Blocking sewer 20 12.05 18.61 
LR4 Gravitational sewer 8 96.17 72.09 
MAL4 Gravitational sewer 5 77.04 64.96 
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5.3.3.1 Dependent variable: exfiltration rate 
Requirements 
Normal distributed residuals (also valid for values, as residuals directly 
correspond to values) in the population of the particular samples are a 
prerequisite to most parametric tests. Normal distribution within each group has 
been assessed by the Kolmogorov-Smirnov and Shapiro-Wilks’W test. 
According to Table 33, distributions of the samples of catchment AAC, LR, and 
MAL fit the normality assumption. According to the central limit theorem 
sampling distribution of the mean approximates the normal distribution, despite 
of the distribution of the variable in the population, when the sample size is 
large. Bortz (2005, chapter 3.2.2) refers to n ≥ 30. It is therefore assumed that 
the distributions of method and location also fit the normality assumption. 
Table 33: Test of normality 
Kolmogorov-Smirnov(a) Shapiro-Wilk catchment 
Statistic N Sig. Statistic df Sig. 
AAC 0.238 7 0.200* 0.904 7 0.357 
LAB 0.316 22 0.000 0.588 22 0.000 
VEIT 0.340 20 0.000 0.655 20 0.000 
LR 0.226 8 0.200* 0.898 8 0.279 
MAL 0.167 6 0.200* 0.978 6 0.939 
method       
Blocking 0.320 31 0.000 0.699 31 0.000 
Gravitational 0.295 32 0.000 0.764 32 0.000 
location       
sewer 0.208 41 0.000 0.844 41 0.000 
laboratory 0.316 22 0.000 0.588 22 0.000 
(a) Lilliefors Significance Correction 
* This is a lower bound of the true significance 
 
According to Table 34 the significance of Levene's test is below sig. = 0.05, 
which suggests that the equal variances assumption is violated.  
Table 34: Levene test of equality of error variances 
F df1 df2 Sig. 
8.258 1 39 0.007 
 
Independent residuals: Groups are built from different samples, as data originate 
from measurements in different catchments and laboratory investigations.  
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Correlation with covariate: An extra assumption of ANCOVA is that there is no 
significant interaction between the covariate and variable, so a model with an 
interaction term is to be fitted first (adapted model). The significance value of 
the interaction term is greater than 0.05, we can assume homogeneity of the 
coefficient for the covariate across the levels of the variable. If the interaction 
term was significant, assessing the effect of method on amount of exfiltration is 
complicated by the presence of the interaction (Bortz, 2005, chapter 10.2) 
Violation of requirements  
For this variable combination, the normality assumption is not met for the 
catchments VEIT and LAB (whereas data of LAB are only used in 
nonparametric tests), the equal variances assumption is violated, yet, residuals 
are independent, and there is no significant interaction between covariate and 
predictor (tested within the particular analysis).  
As 2 of 4 assumptions are violated, non-parametric tests (Kruskal Wallis 
analysis of ranks in connection with bootstrap sampling) are performed, 
ANOVA/ANCOVA is applied as well, but mainly to confirm the results 
obtained with the non-parametric tests.  
Results of non-parametric testing 
The results of Kruskal Wallis statistics and bootstrap sampling are depicted in 
Table 35 with bold numbers expressing the significance on the 5% confidence 
level and the probability that the difference in mean exfiltration rates is greater 
than it might have been arisen by chance.  
Significant differences in exfiltration rates were found comparing field and 
laboratory tests. Yet, considering the method applied, exfiltration rates obtained 
from the laboratory do not significantly differ (Figure 39). The experimental 
design does not affect exfiltration measured in laboratory, indicating that it 
might be difficult to transfer experiments from the laboratory scale to real world 
experiments. 
 
 
 
 
 
5.3 Conceptual modelling of sewer exfiltration 101 
Table 35: Test summary for variable exfiltration rate [ld-1cm-2] 
Grouping 
variable 
Predictor 
variable Significance 
Probability 
(bootstrap samples) 
catchment blocking 
all 
AAC-VEIT 
AAC-LAB1 
VEIT-LAB1 
0.092 
0.063 
0.024 
0.056 
All 
AAC-VEIT 
AAC-LAB1 
VEIT-LAB1 
0.074 
0.008 
0.018 
0.069 
catchment gravitational tests 
all 
LAB2-MAL/LR 
MAL-LR  
0.00 
0.00 
0.833 
All 
LAB2-MAL/LR 
MAL-LR 
0.003 
0.002 
0.47 
catchment location sewer 
all 
AAC-VEIT 
AAC-LR 
AAC-MAL 
LR-VEIT 
LR-MAL 
MAL-VEIT 
0.00 
0.063 
0.040 
0.343 
0.000 
0.833 
0.006 
All 
AAC-VEIT 
AAC-LR 
AAC-MAL 
LR-VEIT 
LR-MAL 
MAL-VEIT 
0.013 
0.008 
0.053 
0.08 
0.006 
0.47 
0.001 
catchment location laboratory  n.a.  n.a. 
method Catchment LAB  0.449  0.15 
location gravitational blocking  
0.00 
0.228  
0.001 
0.132 
method 
location sewer 
location 
laboratory 
 0.00 0.449  
0.005 
0.15 
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Figure 39: Comparison of mean values exfiltration rate of different locations and 
methods 
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These findings are confirmed by the results of the bootstrap sampling. 15 % and 
0.5 % of the generated samples from laboratory and field tests (Figure 40 
according to the probability given in the last row in Table 35) have a higher 
difference in mean exfiltration rates than the original sample, giving evidence 
that field and laboratory investigations behave clearly different.  
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Figure 40: Histograms obtained from Bootstrap sampling comparing field and 
laboratory experiments 
 
The second important result is related to affects of catchment characteristics. 
Comparing all catchments, differences in exfiltration are significant. But, 
considering the method applied within the analysis, exfiltration rates are not 
significantly different anymore (Figure 41). The variable method affects 
therefore the result of investigations on exfiltration highest. To join results from 
different studies on sewer leakage, methods with at least a similar experimental 
design must be applied. It is also necessary to perform measurements in real 
sewers, as laboratory investigation does hardly contribute to an evaluation of 
sewer leakage.  
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Figure 41: Mean values of considered catchments classified by the method applied  
 
Results of ANCOVA 
A preliminary one way ANOVA with exfiltration rate as dependent variable and 
method as predictor variable results in significant differences between 
exfiltration rates for blocking and gravitational tests. The total variance in 
exfiltration rate through selecting the one or the other method is 41.7 % with a 
treatment variance of 31787. With catchment as covariate and method as 
predictor variable the significance of between-subjects-effects are shown in 
Table 36. In controlling for the covariate the variance reduces to 39.7 % 
(represented by eta² in Table 36).  
 
Table 36: Tests of Between-Subjects Effects ANCOVA 
Source Sum of Squares F Sig. eta² 
Corrected Model 35861.14 16.86 0.000 0.47 
Intercept 16979.12 15.96 0.000 0.296 
catchment 4073.17 3.83 0.058 0.092 
method 26591.07 25.00 0.000 0.397 
Error 40418.9    
 
With the ANCOVA the confidence level is reduced, the result of differences in 
means is more significant. Comparing the error variances of the preliminary 
ANOVA with error variances of ANCOVA, the error variances are reduced by 
9.2 %, with catchment as covariate. The treatment variance due to selecting the 
Laboratory    Field 
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one or the other method decreased as well. A relation between covariate and 
depended variable can therefore be excluded (Bortz, 2005, chapter 10.1). To 
confirm the findings a second ANOVA is conducted with preliminary grouping 
by the variable method and the predictor variable catchment. The data base is 
identical to the data base for ANCOVA, yet, for the ANOVA setup the 
homogeneity of variances assumption is met (Table 37).  
 
Table 37: Levene's Test of Equality of Error Variances 
method F df1 df2 Sig. 
blocking 2.4 1 25 0.13 
gravitational 0.66 1 12 0.43 
 
The differences in mean exfiltration rates between both methods are significant. 
For gravitational tests, exfiltration rates are not significantly different within 
catchments. Eta² is zero, indicating that none of the variance in the model can be 
explained by the variable catchment. In the contrary, exfiltration rates change 
with catchment when applying blocking and 24 % of the variance is caused by 
effects of the catchment characteristics (Table 38).  
 
Table 38: Tests of Between-Subjects Effects 
method Source Sum of Squares F Sig. Eta
2 
Corrected Model 4690.02 8.10 0.01 0.24 
Intercept 15213.88 26.29 0.00 0.51 
catchment 4690.02 8.10 0.01 0.24 
Blocking 
Error 14468.57    
Corrected Model 1.02 0.00 0.98 0.00 
Intercept 84560.93 40.06 0.00 0.77 
catchment 1.02 0.00 0.98 0.00 
Gravitational 
tests 
Error 25332.47    
 
The results of the ANCOVA support the findings of the Kruskal-Wallis analysis 
indicating that the selection of a method, and not catchment characteristics, does 
affect sewer leakage. Yet, ANOVA with preliminary grouping by the variable 
method suggests that catchment characteristics affect sewer leakage when 
blocking is applied.  
5.4 Modelling of sewer deterioration 105 
5.3.3.2 Dependent variable: Leakage factor 
The statistical tests performed are identical to those tests with the dependent 
variable exfiltration rate. In the following, the requirements and results of the 
analysis with leakage factor as dependent variable are briefly presented. The 
corresponding tables and figures are depicted in Appendix B.  
The normality assumption is not met for catchments LAB, VEIT, and MAL 
(whereas data of LAB are only used in nonparametric analyses), error variances 
are not equal. Still, residuals are independent, and there is no significant 
interaction between covariate and predictor. As 2 of 4 assumptions are violated, 
non-parametric tests (Kruskal Wallis analysis of ranks in connection with 
bootstrap sampling) are performed, ANOVA/ ANCOVA is applied to confirm 
the results of the non-parametric tests. 
The analysis of differences in means (Kruskal-Wallis test) with the dependent 
variable leakage factor confirms the findings of the analysis of exfiltration rates. 
Significant differences in leakage factors were found comparing field and 
laboratory investigations and comparing block and gravitational tests. The 
analysis indicates that location of sewers (Laboratory or field) is not important 
when performing block tests. According to the statement, that results obtained in 
laboratory or field are not from the same population, laboratory tests are omitted 
for conducting the ANCOVA. With leakage factors as dependent variable, 
ANCOVA and ANOVA show slightly differing results. ANCOVA implies that 
catchment characteristics have rather a small effect on the magnitude of leakage 
factors. ANOVA, explaining the total variances in the model for each method, 
indicates that catchment characteristics most likely affect leakage factors 
measured with block tests. In contrary, leakage factors obtained with 
gravitational tests are not significantly different with changing catchment 
characteristics. 
5.4 Modelling of sewer deterioration 
To identify variables affecting sewer deterioration, CCTV derived damage or 
condition classes of 21% of all pipes (approx. 467 km) of the Dresden sewerage 
system were evaluated by means of rank variance analysis. Construction 
material, year of construction, pipe dimension, distance to the river, and 
inspector are used as predictor variables (Table 39). These were selected after a 
thorough review and according to their availability for our purpose. To evaluate 
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damage classes, rank variance analysis (Mann-Whitney u-test, analysing 2 
independent samples) was applied.  
 
Table 39: Variables possibly affecting sewer deterioration 
material dimension Year of construction 
distance to the 
river inspector 
Concrete < 300 mm until 1899 300 m Blasche 
Clay 300 - 600 mm 1900 - 1916 600 m Klu 
 600 - 900 mm 1917 - 1928 1000 m SEDD 
 > 900 mm 1929 - 1945 more than 1000 m Heydrich 
  1946 - 1989   
  since 1990   
 
Every observation is to be compared with each other. To prevent interactions of 
different variables strata are formed that compare different observations of one 
variable, leaving the observations of other variables constant. Exemplarily, strata 
for the comparison of different dimensions are listed in Table 40. The strata for 
the other analysis of material, construction period, inspectors, and distance to 
the river are detailed in Appendix C. The number of pipes within each stratum 
does not meet the requirements of the central limit theorem, which states that the 
sample parameter has a normal distribution with a certain number of samples. 
 
Table 40: Strata grouped by variable dimension (not considering distance to the river 
and inspectors) 
Dimension 
[mm] Material 
Year of 
construction
Dimension 
[mm] Material 
Year of 
construction 
< 1900 < 1900 Concrete 
1900-1918 
Concrete 
1900-1918 
< 1900 < 1900 
< 300 
Clay 1900-1918 
300 – 600 
Clay 1900-1918 
< 1900 < 1900 Concrete 1900-1918 Concrete 1900-1918 
< 1900 < 1900 300 – 600 Clay 1900-1918 
600 – 900 
Clay 1900-1918 
< 1900 < 1900 Concrete 
1900-1918 
Concrete 
1900-1918 
< 1900 < 1900 
600 – 900 
Clay 1900-1918 
> 900 
Clay 1900-1918 
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5.4.1 Analysis of sewer characteristics and condition classes of the Dresden 
sewerage system 
Visual inspections give the only detailed information about the state of sewers. 
Even if the results are rather subjective (chapter 3.2.3.3), the assessment and 
evaluation of damages and their potential threat to groundwater and soil is 
essential for rehabilitation planning. The information content of these inspection 
data is often underestimated. This study presents a possible analysis of 
inspection data. To identify influences on the state of sewers, structural data 
such as age, material, and ground water information are required. The more 
information, the more reliable is a possible evaluation of the condition of sewers 
according to its variables of influence. CCTV records were available for 21% of 
the Dresden sewer system. It was examined whether the available sample 
represents the whole sewer system according to its characteristics to guarantee 
the transferability of the results. The distribution of sewer characteristics of two 
different samples (7.2 % and 21 % - including the aforementioned 7.2 %) was 
compared to the data of the whole sewer system. In Figure 42 the variable 
material is shown. Concrete pipes were inspected rather often. The sample 
diverges by approximately 12%. Due to the large number of pipes, the sample 
represents the characteristics of the sewer network very well. For PVC pipes less 
inspection data are available, this corresponds to the fact that fewer pipes are 
constructed with PVC. PVC pipes were thus not subject of investigations. The 
samples of clay and other materials correspond very well.  
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Figure 42: Material distribution of population and sample 
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Year of construction was summarized to construction period, based on data 
availability and historical development. Before 1945 and after 1990 the sample 
represents the whole sewerage system very well (Figure 43). The period from 
1946 to 1989 was selected on account of the low number of examined pipes; a 
finer gradation was not possible. The statistical analysis was carried out in spite 
of the small sample of inspected pipes assuming a representative damage class 
distribution. 
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Figure 43: Distribution of construction years of population and samples 
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Figure 44: Diameter distribution of population and sample 
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Figure 44 shows the diameter distribution, indicating very good correspondence 
of large and very large pipes. The samples differ slightly from the population, 
but the difference is negligible due to the large number of inspected pipes for the 
small and medium sized pipes. 
From the distribution of condition classes with regard to sewer characteristics 
one can conclude which observation is more likely subject of deterioration. It is 
not possible to deduce any influence of variables on sewer condition. Condition 
classes are obtained from the local operators in Dresden (Stadtentwässerung 
Dresden SEDD). The classification is strictly split into the recording of the data 
of the visual inspection and its evaluation. At first the intensity of the defects is 
determined. Thereupon the observed defects are classified by structural 
condition. The classes range from complete destruction (1) to small damages 
localized (5) and good condition (6). The intensity and the evaluation variable 
are multiplied resulting in figures, which are summarized for one pipe and 
divided by the length of the pipe. The result is a ratio for aid decision for a 
reconstruction. Boundary conditions are not taken into account.  
Concrete and clay are the materials most frequently used and show, amongst 
others (masonry), the highest percentage in the poorer classes. Still, all materials 
exhibit more or less similar shares in the particular condition class (Figure 45).  
 
0%
20%
40%
60%
80%
1 2 3 4 5 6
condition class
le
ng
th
 o
f p
ip
es
concrete masonry
iron plastics
clay others
 
Figure 45: Distribution of condition classes of sewers with different materials 
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Looking at the distribution of condition classes of sewers in different 
construction periods (Figure 46), two different trends are visible. Sewers built 
before 1945 show a maximum in the condition class 4, sewers built after 1945 
show their maximum frequency in condition class 6. This might be due to 
developments in sealing techniques (1955 factory made sealings for clay pipes, 
1951 cold processed sockets and rebated joints for concrete pipes). Figure 33 in 
chapter 5.1.4 comprises the development of construction features for sewer 
pipes. It seems obvious that the newest pipes exhibit the best condition. 
However, there are also pipes from the 19th century in a good condition. 
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Figure 46: Distribution of condition classes of sewers in different construction periods 
 
Pipes with diameters less than 900 mm show more or less good conditions. Only 
a few pipes are heavily deteriorated. Pipes with diameters larger than 900 mm 
are present in all 6 categories, which means, immediate rehabilitations is 
required for approx. 9 % of the large diameter pipe length. 
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Figure 47: Distribution of condition classes of sewer with different dimensions 
 
5.4.2 Identification of variables affecting pipe deterioration 
The differences in the magnitude of damage are shown with help of cumulative 
lines (Müller, 2002). The bisecting line represents the cumulative line of the 
significance levels for the random distribution. The farther on the down right the 
cumulative lines are, the more significant are the differences; the farther top left 
the less significant are the differences.  
Looking at the cumulative lines resulting from the comparison of the dimension 
strata, a significant difference in the degree of damage between the pipes with 
600 – 900 mm and  > 900 mm is stated (Figure 48). Small and medium pipes 
behave similarly concerning their degree of damage. On the contrary, pipes with 
large diameters show significantly differing damages (Figure 48). As a 
consequence, pipes with diameters smaller than 900 mm can be merged into one 
group. This suggests, that small and medium pipes need not to be considered as 
single treatment of the variable dimension in any statistical analysis.  
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Figure 48: Comparison of condition classes of different dimension groups 
 
Most frequent materials in Dresden are concrete and clay with dimensions of 
300-600 mm. The cumulative functions were therefore computed only for 
concrete and clay pipes and two dimension groups (i) 300-600 mm and (ii) all 
occuring diameters. Other materials are not evaluated, as the data base is not 
sufficient. The cumulative functions exhibit significant differences in damage 
classes (Figure 49), indicating material being a relevant variable in analysing the 
deterioration of sewer pipes.  
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Figure 49: Comparison of condition classes of clay and concrete  
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Figure 50 exhibits the results of the analysis of differences in damage classes 
according to year of construction. Damage classes are similar in pipes 
constructed before 1900 and 1900-1916. The difference in the periods 1929-
1945 and 1946-1989 is not very distinct. All other graphs are located in the very 
down right-hand corner of the diagram and indicate large differences in damage 
magnitude for the single construction period. Due to poor data availability in the 
years 1946-1989 this group comprises a very large period. The period can be 
paraphrased as “sewer construction in GDR”, even under the condition that 
within this period construction quality might have changed.  
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Figure 50: Comparison of condition classes in different construction periods 
 
Interesting results were obtained investigating the relevance of the executive 
company. No significant differences in damage classes were revealed by 
comparing damage classes provided by different inspectors, with curves 
arbitrarily distributed over the plot (Figure 51). The results do not support the 
common opinion that CCTV protocols do largely depend on the executing 
inspector. 
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Figure 51: Comparison of condition classes recorded by different inspectors 
 
Groundwater in the City of Dresden is partly influenced by the river Elbe. It is 
also known that groundwater infiltration or varying groundwater aggravate 
sewer deterioration. The cumulative lines, obtained by the analysis of damage 
classes in pipes with distance to the river Elbe (Figure 52), are located in the 
down right-hand corner of the diagram, indicating significant difference in 
damage classes of sewers for different distances to the river. The result suggests 
that river and probably its river-induced groundwater have a considerable 
influence on the condition of sewers. 
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Figure 52: Comparison of condition classes of pipes in different distances to the river 
Elbe 
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It has to be kept in mind that the statistical power of the analysis is affected by 
the number of data points representing the number of strata. The more strata can 
be generated from the data set, the higher is the statistical power of the analysis. 
This applies in particular for the analysis of the distance to the river and 
inspectors. Though, the statement concerning the variable inspectors will hardly 
change with more data points.  
Table 41 summarizes the outcomes of the rank variance analysis and estimates 
the level of relevance of the variables on the condition of sewers. The analysis 
of Müller (Müller, 2002, depicted within this dissertation in chapter 5.1.3) 
exhibits slightly different results with material and dimension having only 
medium relevance. Inspectors and river distance were not investigated.  
 
Table 41: Results of rank variance analysis 
Variable Observations 
Significant diffe-
rence in magnitude 
of damage 
Relevance of 
variable for 
condition of sewer
Year of 
construction 
< 1900 and 1900-1916 
1900-1916 and 1917-1928 
1917-1928 and 1929-1945 
1929-1945 and 1946-1989 
1946-1989 and > 1989 
No 
Yes 
Yes 
Yes 
Yes 
High 
Material Concrete and clay Yes High 
Distance to the 
river Elbe 
300 and 600 m 
600 and 1000 m 
1000 and more than 1000 m 
Yes High 
Dimension 
< 300 and 300-600 mm 
300-600 and 600-900 mm 
600-900 and > 900 mm 
No 
No 
Yes 
High for large 
dimensions 
Inspectors 
Blasche 
Klu 
SEDD 
Heydrich 
No Small 
 
5.4.3 Investigations on relationships between available data 
A correlation analysis of damage classes and the predictor variables construction 
period (CP), pipe dimension (DN), depth of pipe (DoP), and material (MAT) 
indicates only a weak relationship between the observed and the model-
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predicted values of damage classes (Table 42), this must be especially seen in 
the light of the large dataset of 10200 pipes being used in the correlation 
analysis. 
 
Table 42: Correlation coefficients damage classes and predictor variables 
 
construction 
period Dimension Material 
Depth of 
pipe Damage class
Construction period 1 -0.497* -0.249* -0.304* 0.389* 
Dimension -0.497* 1 0.288* 0.415* -0.263* 
Material -0.249* 0.288* 1 0.132* -0.019 
Depth of pipe -0.304* 0.415* 0.132* 1 -0.131* 
*  Correlation is significant at the 0.05 level (2-tailed). 
 
A linear regression model was set up with predictor variable used for the 
correlation analysis calculating the following equation (equation 7).  
DoPMATDNCPQex 033.0208.0176.0249.0596.3 ++−+=  equation 7 
However, the multiple correlation coefficient R indicates only a weak 
relationship between the observed and the model-predicted values of damage 
classes (Table 43). Likewise, the R² expresses that only 18.4 % of the variation 
in damage classes is explained by the model. This is a very low value, especially 
for the large dataset of 10200 pipes. Furthermore, 80 % of the sum of squares is 
attributed to the residuals, only 20 % are explained by the model.  
 
Table 43: Correlation coefficients of the linear regression model for damage classes 
R R² Std. Error of the Estimate 
0.429 0.184 1.169 
 
Within the linear regression model damage class was assumed an interval scaled 
dependent variable. This means, equal differences between measurements 
represent equivalent intervals, operations such as addition and subtraction are 
therefore meaningful. However, damage class might be a variable rather on the 
ordinal scale, representing a rank order than on an interval scale. Thus, a second 
model, an ordinal regression model, was set up allowing for ordinal and nominal 
scaled predictor variables as well as for dependent variables measured on an 
ordinal scale. As depicted in chapter 5.2 a link function must be defined to 
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calculate the probability for a pipe of being in a certain damage class. Figure 53 
shows the distribution of pipes in each damage class. The initial definition of 
damage classes (1 - worst condition, 6 - best condition) was reversed to assign 
the worst condition with the highest number.  
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Figure 53: Percentage of pipes in each damage class (damage classes in reversed order) 
According to this distribution two different link functions were tested: a logit 
function with an evenly distributed probability of being in one category (Figure 
54) and a negative log-log function (Figure 55) with a higher probability of 
being in a higher category, which seems to be more suitable for this dataset.  
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Figure 54: Plot of logit in the range 
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Figure 55: Plot of negative log-log in the 
range 0-1 
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The parameter estimates of the thresholds (Table 44) that are based on the 
marginal probabilities for the outcome categories confirm that a negative log-log 
function is better suited to predict the damage classes according to the available 
data. But, the thresholds estimates are very well predicted by the marginal 
probabilities for the outcome categories with predicted values that are close to 
the original damage class.  
Table 44: Parameter estimates link function logit 
 logit negative log-log 
treshold estimate standard error estimate standard error 
[DC = 1] 0.490 0.085 0.868 0.059 
[DC = 2] 1.497 0.086 1.525 0.060 
[DC = 3] 2.812 0.088 2.553 0.062 
[DC = 4] 4.128 0.093 3.747 0.068 
[DC = 5] 6.042 0.122 5.609 0.105 
predictors     
AGE 0.020 0.001 0.014 0.000 
[DN < 300 mm] -0.666 0.078 -0.371 0.052 
[DN 300-600 mm] -0.375 0.059 -0.147 0.037 
[DN 600-800 mm] -0.529 0.074 -0.248 0.047 
[DN > 800 mm] 0a  0a  
[MAT = clay] 0.673 0.060 0.457 0.044 
[MAT = concrete] 0.349 0.059 0.277 0.041 
[MAT = mixed] 0a  0a  
a: This parameter was set to zero, because it is redundant 
The regression equation of an ordinal regression (equation 6) consists of two 
separate parts (threshold and predictor part). With the available data the 
threshold part is dominant. The calculation of probabilities of being in one 
damage class based on both, threshold and predictors for a certain group of pipes 
did not lead to a meaningful prediction. This is illustrated in Table 45, showing a 
cross-tabulation of damage classes and the predicted damage classes with 
threshold and predictors.   
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Table 45: Cross-tabulation of damage class reversed and predicted probabilities of being 
in a class with a negative log-log function and the predictors age, material, and dimension 
negative log-log of damage class reversed 
(DC) 
damage 
class 
reversed 
 
1 3 4 
Total 
Count 3,240 999 0 4,239 
% within DC 76.4% 23.6% 0.0% 100.0% 1 
% of Total 26.5% 8.2% 0.0% 34.7% 
Count 1,076 1,412 0 2,488 
% within DC 43.2% 56.8% 0.0% 100.0% 2 
% of Total 8.8% 11.6% 0.0% 20.4% 
Count 1,037 1,978 2 3,017 
% within DC 34.4% 65.6% 0.1% 100.0% 3 
% of Total 8.5% 16.2% 0.0% 24.7% 
Count 565 1,083 1 1,649 
% within DC 34.3% 65.7% 0.1% 100.0% 4 
% of Total 4.6% 8.9% 0.0% 13.5% 
Count 195 500 0 695 
% within DC 28.1% 71.9% 0.0% 100.0% 5 
% of Total 1.6% 4.1% 0.0% 5.7% 
Count 28 106 0 134 
% within DC 20.9% 79.1% 0.0% 100.0% 6 
% of Total 0.2% 0.9% 0.0% 1.1% 
Count 6,141 6,078 3 12,222 
% within DC 50.2% 49.7% 0.0% 100.0% Total 
% of Total 50.2% 49.7% 0.0% 100.0% 
 
It can be stated that classes with little damage (dc 1 - 3) are classified relatively 
well, in contrast to the higher classes. This is due to the dominance of the 
threshold and the predefined link function and the small number of pipes in the 
higher classes might as well cause this prediction. However, the probability 
being in damage classes 2, 5, and 6 are zero. Similar results were obtained with 
the logit link function, whereas the result concerning damage class 2 is to be 
questioned.  
The R² of the ordinal regression model amounts to 0.221 (Cox and Snell Pseudo 
R square) indicating that the model performs not very well. According to these 
results it must be admitted that the available predictor variables age, material, 
and dimension does not properly predict the probability of being in a certain 
damage class, neither with a logit nor with a negative log-log link function.  
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5.5 Summary 
5.5.1 Identification analysis 
Earlier studies did not pinpoint one variable or a small group of variables as 
being of overriding importance in the assessment of sewer conditions. Variables 
of interest are summarized in Table 46. Yet, not all variables could be 
investigated for both dependent variables (damage class and exfiltration). 
According to the data analysis, material does not affect sewer deterioration, as 
the various materials are present in all damage classes. Exfiltration rates 
measured in pipes constructed in different periods were not significantly 
different either. In contrast to this, rank variance analysis revealed that damage 
classes of adjacent construction periods (after 1900) are significantly different. 
Furthermore, year of construction is named in a multitude of investigations on 
sewer deterioration, lifetime models are even based on the assumption of 
progressive deterioration with age. Year of construction is therefore one 
influential variable in the process of sewer leakage and deterioration.  
The analysis of sewer characteristics and damage classes exhibited that only 
pipes with diameters more than 900 mm have a higher percentage of pipe length 
in poor categories. Exfiltration rates differ not significantly, which can also be 
attributed to the fact that experiments have only been conducted in small and 
medium sized pipes. Results of the rank variance analysis show significant 
differences between large diameter pipes and small and medium sized pipes 
indicating that large diameter pipes differ in their damage development. The 
findings confirm results of Karpf and Krebs (2004), who identified large 
diameter pipes as having the highest potential for sewer leakage.  
Exfiltration rates differ in different catchment significantly, damage classes with 
different distances to the river Elbe.  
Table 46 gives an overview on criteria expected to affect sewer deterioration 
derived from literature and investigation within this study (bold letters) also 
signifying those variables regularly stored in data bases.  
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Table 46: Relevance of variable on sewer deterioration obtained from literature and 
identification analysis 
Criterion Availability Effect on 
Soil Kf -Value Literature knowledge 
biodegradation potential in soil 
passage, permeability of colmation 
zone, bedding layer 
Quality of construction No kind and extent of damages (connections, joints) 
Traffic load Possible pipe condition 
Groundwater On a large scale 
definition of ex- or infiltration, extent 
of infiltration rate, pipe condition at 
varying water table 
Material Yes connections and joints, kind of defects 
Dimension Yes correlated to wetted perimeter and depth of pipe 
Medium Yes corrosion, biodegradation processes in the soil 
Sediments 
Documentation, Obser-
vations within 
measuring 
exfiltration or retention in the 
sediments, sealing of leaks 
Hydraulic load Hydrodynamic model water level, extent of exfiltration 
Catchment 
characteristics Visual inspection pipe condition 
Date of construction Yes Quality of pipe construction, pipe condition  
 
5.5.2 Modelling sewer exfiltration and sewer deterioration 
If a relationship between variables in question is weak in the population, then 
such a relation can only be identified when the research sample is 
correspondingly large. Analogously, if a relation in question is very strong in the 
population, then it can be found to be highly significant even in a study based on 
a very small sample. According to the literature study, a weak relation between 
either sewer leakage and asset data or sewer deterioration and asset data must be 
assumed, as only weak relations between pipe characteristics and deterioration 
records were found.  
In this context, two different regression models for damage classes yields a 
rather low R². It must be assumed, that the variables construction period/age, 
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dimension, and material (which are in most cases the only available variables) 
do not properly predict damage classes and are not the relevant controlling 
variables. Likewise, investigating the relationship of leakage rates of 26 
experiments and corresponding asset data did not result in convincing findings. 
A larger number of exfiltration measurements and CCTV data for all test sites 
would possibly have shown different findings for the relation of exfiltration and 
asset data.  
In including results from other studies into the statistical analysis, the number of 
experiments totalled to 63. Significant differences in exfiltration rates in 
applying different methods were detected. The initially claimed influence of 
catchment characteristics was not proven. It can be stated that results from 
different catchments are better suited for joint assessment than results from 
differing methods. It is recommended to use methods with at least a similar 
experimental design to gain maximum information from measurements. A 
second result is that field and laboratory tests yield significantly different results, 
whereas laboratory results are not affected by the experimental design in 
contrary to field tests. It is therefore difficult to combine laboratory with field 
tests, moreover, it might be difficult to transfer laboratory results to operational 
sewers. The findings are confirmed by addressing the leakage factor as 
dependent variable.  
As a correlation analysis of exfiltration rates and asset data did not succeed, a 
model calculating leakage factors based on Darcy’s law was applied. The MC 
simulated leakage factors fit very well with the leakage factors calculated 
according to the exfiltration measurements. Furthermore, a comparison of the 
permeability of the pipe and soil permeability showed that pipe permeability is 
despite colmation layer still below the soil permeability indicating, that water 
can penetrate the pipe. Eventually, Darcy’s law seems to properly represent 
sewer exfiltration. 
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6 Discussion 
6.1 Can we quantify exfiltration from leaky sewer pipes with tracer tests? 
One of the main points in this dissertation is the evaluation of the tracer methods 
QUEST and QUEST-C for the determination of sewer exfiltration. Both 
methods were tested in real sewers with varying pipe and catchment 
characteristics to provide information on their applicability and adaptability as 
standard methods for the assessment of sewer exfiltration. A supporting 
simulation study assessed the sensitivity of the results of the tracer tests with 
respect to changing sewer conditions (flow rate and leak distribution). The partly 
large standard deviations in exfiltration rates led to a third aspect to be 
considered in evaluating tracer tests: the inhomogeneity of sewer pipes.  
Access to sewer systems require authority permission and in most cases safety 
measures in both sewer and road/territory. A valuable exfiltration measurement 
with tracer mass balance involves comprehensive preliminary investigations of 
flow, travel time, additional inflows, and background concentration of the tracer 
substances used. The QUEST equipment is simple and inexpensive, yet larger 
measurement errors can occur using the proposed sodium chloride solution as 
tracer substance. This is mainly due to the fact that background concentrations 
in real sewers are often very unstable. The application of QUEST-C requires 
more sophisticated and expensive devices, yet the dosing error is reduced by the 
automatic dosing procedure and little or no background variation is expected 
using lithium and bromide as tracer substance. In general, installation of 
measuring devices demands skilled personnel to operate the equipment 
especially designed to match the requirements in the sewer. A certain working 
routine will reduce the measurement uncertainty. 
The most attractive advantage of the tracer tests is the complete uncertainty 
analysis (Rieckermann et al, 2005), which is not or only marginally considered 
in other methods. All error sources identified by the responsible person are 
evaluated within the uncertainty analysis and provide a possible range of 
exfiltration rates on a certain confidence level. However, some very high 
exfiltration rates measured in the course of the testing of the methods could not 
be explained and seem questionable, even if additional CCTV data, preliminary 
water balancing, and/or observation of infiltration were considered.  
Near stationary flow is a prerequisite for a correct measurement to guarantee a 
constant concentration gradient within the investigated section. Together with 
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this, sufficient flow is required over the sewer length. These conditions are 
hardly found in real sewer systems, particularly for longer sewer distances as 
advantageous for tracer tests. In upper catchment pipes, sewer networks mostly 
start off with small pipe dimensions and progress to the WWTP or a pumping 
station with larger dimensions. The hydraulic property of a sewer network with 
a number of inflows into the investigation sewers leads to difficulties in the 
correct interpretation of the results. There is actually no direct information on 
the quantity of wastewater loss because the flow varies over the considered 
sewer length in most cases. This becomes clear if we assume that 5 % measured 
tracer loss could be 5 % of 5 ls-1 at the beginning or 5 % of 20 ls-1 at the end of 
the investigation pipe. It is therefore important to know or to avoid all additional 
inflows into the investigation pipe. When applying the tracer tests in real sewer 
networks, it is indispensable to assess all inflow rates in order to determine the 
reference flow for the consequent calculation of the exfiltration rate in % dwf. 
The comparison of exfiltration from different sewers is otherwise critical. In this 
context, de Benedittis (2004) suggested as a first but non ideal solution to add an 
upstream reference measurement, in order to obtain an upstream discharge 
value, and, thus, to give a range of exfiltration between two values (upstream 
and downstream). 
Low flow rates are disadvantageous, especially for QUEST measurements, as 
poor mixing might occur at the location of tracer substance application. Full 
mixing is guaranteed only after a certain sewer length. Thus, exfiltration would 
reduce the mass of the unmixed tracer, foiling the measurement.  
Flow measurements in operational sewers, even under dwf conditions, are often 
subject to small wave effects generated by flow rate variations. Such effects 
enlarge the flow measurement error. This leads to another source of uncertainty 
of measured flow rates when converting the percentage exfiltration of dwf into 
an exfiltration flow rate [m³s-1]. 
A constant – and possibly low – background concentration of the tracer 
substance is indispensable for an exact differentiation of background and pulse. 
If high tracer concentrations are required due to high background concentration, 
concentration gradients (density distribution) within the tracer solution might 
lead to additional difficulties in the application of QUEST. Figure 56 shows an 
example for low and constant background concentration, while Figure 57 stands 
for the characteristics of high and variable background conductivity. Thus, for 
practical reasons it is recommended to use sodium chloride as tracer substance 
only in sewage with low and constant background conductivities.  
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It is assumed that the more homogeneous the sewer line is, the smaller is the 
uncertainty involved in the particular investigation. This idea originated from 
the investigation of dispersion coefficients in sewers. In this context, Huismann 
et al. (2000) and Sooky (1969) based their equations of dispersion coefficients 
on a uniform sewer length. Rieckermann et al. (2005b) concluded that 
dispersion coefficients in heterogeneous sewers cannot be predicted from mean 
pipe characteristics, indicating that heterogeneity in sewer pipes affects 
measurements. Sewer and catchment characteristics define a so-called 
homogeneity index derived from CCTV data, catchment characteristics, and 
flow conditions (Figure 58).  
Indices are calculated according to  
• CCTV records, homogeneity over sewer lengths, obstacles, deposits… 
• Appearance of catchment: visual assessment of roads, manholes, houses 
• Flow regime: turbulent, laminar, installation of measurement devices 
Small indices represent homogeneous sewer lines. A clear relationship between 
sewer homogeneity and ranges of exfiltration was not found. However, it can be 
stated that high exfiltration rates with large standard deviations exhibit at least 
medium homogeneity indices.  
0
2000
4000
6000
14:24 14:31 14:38 14:45 14:52 15:00
time
co
nd
uc
tiv
ity
 [µ
S
 c
m
-1
]
Figure 56: low (1000 µScm-1) and constant 
background conductivity in UTH 
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Figure 57: high (1500 µScm-1) and varying 
background conductivity in SKI 
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Figure 58: Homogeneity indices and exfiltration rates of test sites 
 
Karpf and Krebs (2004) found that infiltration rates increase with increasing 
pipe dimension. This was attributed to the larger wetted perimeter situated in 
groundwater. Small pipe dimensions presumably correspond to lower water 
levels and thus a smaller wetted perimeter, which is again directly correlated to 
the exfiltrating volume. Yet, according to the damage class distribution of 
different pipe dimensions (chapter 5.4.1), large pipe dimensions exhibit the 
highest percentage of pipes in poor damage classes indicating that large pipes 
seem to be more inhomogeneous than small pipes.  
A catalogue (Table 47) summarizes the prerequisites identified or clarified 
within this investigation. The three aspects of the evaluation of the tracer 
methods are considered: 
• Applicability and adaptability of methods 
• Sensitivity of method on flow variations and damage distribution 
• Inhomogeneity of sewer pipes 
It is necessary to balance a number of variables to select the suitable 
investigation site. The most suitable investigation site would be a trunk sewer, 
which collects wastewater from a subcatchment into the main sewer. These 
sewers exhibit constant flow conditions and a sufficient and homogeneous sewer 
length. However, the number of such sewers is not very high. 
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Table 47: Requirements for applying tracer tests to quantify sewer exfiltration 
Parameter Effects on Requirement 
Wetted perimeter and submerged damages High discharge 
Interpretation of exfiltration rates [%dwf] Discharge 
Calculation of exfiltration flow rate [m³s-1] 
Constant discharge 
Pipe dimension Inhomogeneity of pipes Small dimensions 
Isolation of pulses 
Costs of tracer substance Background 
concentration Density currents and mixing of solution in 
the wastewater 
Low and/or constant 
background concentrations 
Damage 
distribution Interpretation of exfiltration rates 
Implementation in real 
sewers 
Number of inflows Short Sewer length 
Number of damages Long 
 
6.2 Can we predict exfiltration from leaky sewer pipes? 
6.2.1 Optimal experimental design 
One of the goals of this work was developing a model, driven by asset data 
and/or catchment characteristics, for predicting exfiltration from leaky sewers. 
The number of variables is restricted by data availability and the results of other 
investigations on sewer deterioration. From the outcome of the latter studies, 
meaningful variables have been preselected for detailed investigation within the 
framework of this thesis. Variables that describe the intensity of sewer leakage 
are listed in Table 48. 
 
Table 48: Variables being input to an optimal statistical analysis 
Variables available Impact variables Variables used  
date of construction 
pipe dimension 
material 
catchment characteristics 
- housing type 
- road type 
- population density 
quality of workmanship 
pipe dimension 
bedding material 
catchment characteristics 
- housing type 
- road type 
- population density 
date of construction 
pipe dimension 
catchment characteristics as 
aggregate variable 
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The quality of construction of sewer pipes is not reproducible, but it can be 
assumed that it is well represented by the date of construction, even if quality of 
construction does not only depend on material and technique but also on 
company and employees. There are contradictory viewpoints on the dimensions 
of pipes primarily contributing to sewer leakage. Thus, pipe dimension is a 
variable to be considered within significance testing. Pipe material can be 
considered, yet the variety of materials decreases with increasing pipe 
dimension, the materials clay and PVC are barely used for large dimensions. 
Bedding material requires information on soil conditions below sewers. Coarse 
scale soil characteristics are actually widely available, but in urban areas landfill 
predominates the characteristics of the soil on a much finer scale. It is therefore 
questionable if representative soil characteristics can be defined for a distinct 
sewer line. Thus, this variable is not accounted for in the study.  
The sample size for a meaningful statistical analysis increases with increasing 
number of variables observed and with increasing number of interactions 
included. It must be carefully examined whether variables can be excluded to 
reduce sample size. If interactions of single variables are not significant, again, 
the sample size can be downscaled. According to the number of predictors and 
the number of classifying predictor strata, sample sizes vary. These boundary 
conditions define whether parametric or non-parametric inference is the first 
choice for the optimal experimental design.  
A typical 4x3x3 ANOVA with 3 predictor variables, year of construction, 
dimension, and catchment (Table 49) analysing only main effects requires 149 
experiments (Bortz and Döring, 2002, chapter 9). If the interactions of first order 
are considered, the minimum necessary sample size rises up to 252.  
Table 49: Optimal design ANOVA 
 < 1915 1915-1950 1950-1989 > 1990 
 DN1 DN2 DN3 DN1 DN2 DN3 DN1 DN2 DN3 DN1 DN2 DN3
catchment 1             
catchment 2             
catchment 3             
 
Addressing catchment characteristics as covariate (Table 50) the sample size for 
2 predictor variables amounts to 97 experiments; 226 experiments are necessary 
when interactions of first order are analysed. This is considerably less than for 
the ANOVA. But, catchment is only a controlling variable, affecting the 
variance of the predictor variables.  
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Table 50: optimal design ANCOVA 
 < 300 300 - 600 > 600 
< 1915    
1915-1950    
1950-1989    
> 1990  ca
tc
hm
en
t 
 ca
tc
hm
en
t 
 ca
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en
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With the identified variables, a multivariate linear regression analysis with 3 
variables can be performed. The required sample size totals to 74 for confirming 
a medium effect and 555 for proving a small effect.  
According to the experiences gained within this study, with certain working 
routine and complete equipment, 4 measurements per week can be conducted. 
Yet, this requires personnel effort of two workers performing the experiment, 
one laboratory assistant, and one engineer, for preparation and evaluation of 
experiments. The costs for one experiment amount to approx. 2300 Euro. 
In the light of these facts, it becomes clear that it is difficult to conduct 
measurements, which are suitable for statistical analysis. Yet, we need these 
measurements to be able to robustly describe exfiltration. As a first step to 
reduce variability in the results of such investigations, it is recommended to 
form strata of sewers in homogeneous catchments or to use catchment 
characteristics as one aggregate variable. 
6.2.2 Modelling of sewer exfiltration 
The exfiltration measurements performed within this study form the basis of a 
model characterized by the variables year of construction, dimension, material, 
and catchment characteristics. As correlation between exfiltration and the 
characteristic variables turned out to be rather weak, it was tested whether a joint 
assessment of exfiltration rates obtained in various studies might possibly 
increase the information content in order to model sewer exfiltration. This 
attempt provided important findings to set up an exfiltration model:  
It could be proven that the method of exfiltration measurement does affect the 
results in field studies, whereas for laboratory investigation the method does not 
characterize the result in the first place. It is therefore difficult to jointly analyse 
laboratory and field experiments, i. e., a transfer of exfiltration rates from 
laboratory investigations to operational sewers is hardly feasible. 
130 6 Discussion 
 
It was shown that results from different catchments are better suited for a joint 
assessment than results from different methods.  
According to the joint analysis of results obtained with different methods, a 
standardization of methods would allow for optimal analysis of exfiltration rates 
measured by different researchers or operators.  
In a second approach, sewer deterioration was investigated for a large database 
(10200 data sets) comprising 467 km of the Dresden sewer network. The 
identification analysis revealed that (i) year of construction, (ii) material, and 
(iii) dimension significantly affect sewer deterioration. However, it was 
impossible to find a reliable model describing sewer deterioration by means of 
asset data. In the context of the optimal experimental design, the required 
sample size is 555 for the proof of a weak relation in question. Taking into 
account the size of the database used in this study, it seems clear that the 
selected variables are not suited to properly predict sewer deterioration. 
Altogether, these findings confirm the results of the analysis of sewer 
exfiltration data. 
In further investigations, the focus was set to different explanatory variables. In 
this context, soil conditions are frequently named (e.g., Rauch and Stegner, 
1994; Vollertsen and Hvitved-Jacobsen, 2003; Blackwood et al., 2005b). 
Promising findings were obtained in calculating leakage factors for the 
measured exfiltration rates that allow for a good interpretation of the soil-pipe 
interface of leaky sewers. Thus, given that exfiltration rates are known, Darcy’s 
law can be applied forming an appropriate model to describe the exfiltration 
process.  
It must be pointed out that where preferential flowpaths dominate the flow 
characteristics in the subsoil – as occurs e.g. during prolonged dry periods – the 
use of the Darcian model may become inappropriate (Powell et al., 2003). 
6.3 Is exfiltration from leaky sewers relevant? 
6.3.1 Interpretation of exfiltration rates 
In the context of estimating the magnitude of exfiltration, descriptive power of 
the commonly used units is clarified first. Exfiltration rates measured with tracer 
tests are expressed relative to the labelled flow [% dwf]. There are a number of 
studies referencing measurement results to this unit. Yet, exfiltration in 
percentage dwf requires the specification of the considered catchment for 
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comparison. Otherwise it is impossible to distinguish between sewer pipe-
damage characteristics and catchment characteristics as the risk potential of 
sewer exfiltration depends on the catchment size. Studies on the catchment scale 
report numbers of less than 5 % dwf for large areas, such as Linz (Fenz et al., 
2004) and Dresden (Karpf and Krebs, 2005). A figure of 5 % exfiltration leads 
to completely different results when comparing 5 % exfiltration in a pipe or a 
catchment. These differences are illustrated in transforming percentage dwf into 
another unit. Figure 59 compares leakage factors related to the wetted perimeter 
of pipes and Figure 60 shows exfiltration rates per meter pipe length both 
representing 5 % dwf. It is therefore indispensable to provide as much 
background information as possible to ease meaningful comparison of measured 
exfiltration rates.  
 
Figure 59: Leakage factors related 
to the wetted perimeter 
 
Figure 60: Exfiltration rates per m pipe 
length 
 
Interpretation of the obtained results varies depending on the method applied 
and the boundary conditions within the investigation area. Barrett et al. (1997) 
conclude from groundwater sampling that house connections are the main 
source of groundwater contamination. Main sewers are supposed to be typically 
located below water table, thus showing no exfiltration potential. On the 
contrary, Karpf and Krebs (2005) claim that house connections are the section of 
the sewer system with the lowest contribution to exfiltration as house 
connections exhibit the smallest wetted perimeter and thus the smallest leakage 
area. 
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6.3.2 Impact of sewage exfiltration on environment 
Although measurements of exfiltration within this dissertation were 
predominantly performed to evaluate the tracer methods, the results contribute 
to the general understanding of sewer exfiltration. One of the lessons learned is 
that tracer studies exhibit a wide range of exfiltration rates (7 to 167 ld-1cm-²). 
This falls in with the results of the blockings (0.04 to 109 ld-1cm-²) and the 
laboratory tests, covering the range from 0.02 to 86 ld-1cm-². These margins 
again make us become aware of the strong variability of experiments in the 
sewer environment and emphasise the need of assessing uncertainties when 
interpreting the measurements.  
However, until now, most figures are derived from the emission perspective, i.e. 
the concern is on how much water is lost from the system. Taking into 
consideration the possible economic losses due to groundwater pollution etc., 
the estimation of the impact of sewer leakage on the environment is at least as 
important as the mere quantification of exfiltrating volume. It must be 
emphasized that the exfiltrating pollutants – not the exfiltrating sewage volume 
as such – pose a threat to the groundwater and soil. As a consequence, 
exfiltrating pollutants and their behaviour in the media soil and groundwater 
must be the future criteria for evaluation of exfiltration relevance, shifting our 
perspective from the emission to the to the ambient water quality approach.  
In this context, catchment scale studies can be classified either as investigation 
of the dynamics of the water table or as monitoring of groundwater quality. The 
latter does already comprise both, quantification of sewer leakage and 
assessment of potential risk for soil and groundwater, yet, the high cost for an 
extensive monitoring network. Hence, the investigation of specific nitrogen 
isotopes in conjunction with microbiological parameters allows for 
differentiating sewage contamination at least in shallow groundwater. 
Conservative marker species as iodated X-Ray contrast media, boron, 
ammonium and pharmaceutics have successfully been applied to prove 
groundwater contamination due to leaky sewers. Regrettably, urban recharge is 
often quantified without commenting on environmental impacts of the detected 
exfiltration and moreover of the detected pollutants. Therefore, the following 
question arises: 
• How do we interpret exfiltration rates according to their risk potential for 
soil and groundwater, especially if processes of biodegradation in the soil 
passage are to be considered? 
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According to the dominant opinion summarized in chapter 2.3, deep 
groundwater is well protected by the long soil passage, in the contrary, shallow 
groundwater below leaky sewers is directly and more heavily subjected to the 
impact of exfiltrating sewage. Efficient biodegradation of harmful substances 
penetrating into the soil was reported as well as groundwater pollution due to 
leaky sewers. Sewage-derived pollutants have been detected at depths of 60 m 
below ground level. This has been mainly attributed to preferential flowpaths in 
heterogeneous aquifers. The potential danger of wastewater leaking into the soil 
is mainly restricted by: 
Soil clogging: Several investigations of exfiltration from sewers into the 
underlying soil (chapter 2.4.2.1) indicate soil clogging, occurring in the upper 
parts of the soil (i.e deposit of sludge on the sub-soil surface). The lower parts of 
the soil section showed a constant hydraulic conductivity for a given period. Soil 
clogging occuring at leakages is said to be dependent on the amount of 
suspended solids in the sewage flow.  
Biodegradation: Assuming a maximum allowable COD or SS load which can be 
degraded without causing colmation, a certain risk for soil and groundwater in 
consequence of the exfiltrating substances exists. A number of authors 
investigated on soil clogging in constructed wetlands/soil filter systems and 
derived values either from constructed wetlands or soil columns (Table 51). 
Although such systems might show a different oxygen regime, these presented 
values allow for a distinction whether the soil below the leaky sewer is subject 
to fast, low, or no colmation to estimate the risk potential for soil and 
groundwater.  
Table 51: Requirements for biodegradation in soil 
 Source------ Value 
Allowable COD load Constructed wetlands 
DWA (2006) 
Müller (2001) 
20 g COD d-1 m-2 
25 g COD d-1 m-2 
Maximum concentration 
of suspended solids Soil columns 
Okubo and 
Matsumoto (1983) 
Bouwer (1972) 
 
2 mg l-1 
10 mg l-1 
Maximum concentration 
of DOC Soil columns 
Okubo and 
Matsumoto (1983) 10 mg l
-1 
Filtration area Constructed wetlands 
DWA (2006) 
Müller (2001) 
2.5 m² 
3.2 m² 
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As an example, a sewer with a length of 1490 m and a leakage area of 530 cm² 
yields an exfiltration rate of 11.7 % dwf corresponding to 124 ld-1cm-2. We 
assume a COD concentration of 500 mgl-1, representing a mean COD concentra-
tion in municipal wastewater. Two different scenarios are possible: 
• The first scenario is therefore the relation of the COD load to the trench 
area (1490 m * 1 m) amounting to 22 g COD d-1m-2. This value is well 
within the allowable COD load in constructed wetlands. Colmation 
processes are assumed not to occur. Small amounts of wastewater might 
seep into the soil.  
• The COD load related to the leakage area of 0.053 m² amounts to 622 kg 
d-1. This is a very huge and unrealistic COD load. It will certainly cause 
colmation on the short-term with a rapid drop of the exfiltration rate to 
very low or zero values. Seepage is however not limited to the area of the 
leak but to a larger area around the leak.  
In conclusion, the highest risk potential emanates from point sources of sewer 
exfiltration and the wastewater components. This is further affected by boundary 
conditions, such as soil type and permeability, and damage format. Exfiltration 
from single pipes or damages cannot be extrapolated to the catchment, as (i) the 
transferability of exfiltration rates by means of boundary conditions is difficult 
and (ii) the point source does not represent the conditions of the whole sewer 
network. Wastewater components, in particular industrial pollutants (PAH), 
endocrine disruptors, trace metals, and micro-pollutants, characterize the risk 
potential of sewer exfiltration. Sewers collecting industrial wastewater and/or 
pharmaceuticals need to be especially considered and groundwater as a drinking 
water resource needs to be protected. Thorough monitoring of the groundwater 
with respect to the mentioned substances is indispensable, further the knowledge 
about substantial risks for health and environment must be adressed with more 
effort.  
6.4 How do we deal with exfiltration? 
6.4.1 Who is concerned?  
Standards for construction and rehabilitation of sewers (including standards for 
leakage tests) need to be enhanced to assure a long-term integrity of sewers. It is 
surely within the remit of an integrating programme of measures that 
organisational and legislative changes must be made. In this context, federal 
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legislatives of 9 of 15 German federal states are leading the way to a better 
consideration of sewerage networks, establishing an ordinance on inspection of 
sewage collecting systems. Content and requirements on inspection cycles and 
techniques vary, however, with the regular inspection cycles, sewer deterioration 
processes can be observed and mended if necessary.  
Sewer operators are in charge of maintaining the sewer network as regulated by 
law. Even though wastewater exfiltration is hardly detected by visual inspection, 
a well maintained network is most likely little susceptible to leakage. 
Additionally to CCTV records, measurements of exfiltration can support the 
decision making of the personnel in charge. If the uncertainty associated with 
the measured exfiltration rates is provided, the operators can decide on a more 
scientific level whether a rehabilitation of the sewer is necessary. Obviously, the 
span of exfiltration rates increases with increasing level of confidence. 
According to the example in Figure 61, the exfiltration rate ranges from 1.5 to 
4 % dwf on the 95 % confidence level. The operator might rehabilitate the sewer 
with an exfiltration rate of 4 % dwf, but not with a rate of 1.5 % dwf. The 
decision is not easier with a smaller span of exfiltration rates and a lower 
confidence level of 60 %. For practical reasons, the operator will probably rely 
on the average exfiltration rate to decide on the relevance of exfiltration and 
reasonable measures for rehabilitation planning. Although his decision will also 
be driven by the span of the exfiltration rates corresponding to the desired level 
of confidence.  
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Figure 61: Range of exfiltration rates related to the level of confidence 
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A third group concerned by sewer exfiltration and succeeding groundwater 
pollution are the stakeholders of groundwater as a primary drinking water 
resource. The general public, being dependent on a functional circle of water 
and matter within their environment, sets the generalized frame of the 
aforementioned.  
6.4.2 How do we proceed? 
Centralised sewer systems will always be subject to leakage and exfiltrating 
pollutants have the potential to contaminate soil and groundwater systems over 
the long term. Conclusions on general sewer leakage from CCTV records and 
pressure tests alone might lead to overestimated exfiltration rates, as not all 
damages are necessarily leaky under operational conditions (Vollertsen and 
Hvitved-Jacobsen, 2003). They suggest computing a maximum exfiltration rate 
that would provide a framework to risk assessment. In this context, Bechteler et 
al. (2001) postulated a criterion (“allowable water loss”) classifying private 
pipes into leaky and tight. This criterion integrates exfiltration volume and the 
potential environmental hazard of the sewage due to the pollutant load – making 
it leading the way towards meaningful evaluation strategies for sewerage 
rehabilitation planning. In the past, rehabilitation planning has mainly focused 
on the structural integrity and hydraulic capacity of the sewer system. To this 
end, visual inspection protocols normally formed the basis. Those protocols 
identify damages, which are potentially leaky, yet, it is impossible to detect 
exfiltration or to determine the amount of exfiltrating sewage. To keep a watch 
on sewer leakage, pressure tests are mandatory within the ordinances of 
inspection of sewage collecting systems every 10-15 years. Pressure tests seem 
most appropriate for sewer operators to determine sewer leakage, due to the 
comparability with previous results and the predetermined measurement 
conditions. It might therefore be difficult to introduce new methods quantifying 
exfiltration. In order to better represent exfiltration under operational flow and 
pipe conditions, tracer tests might be an alternative method. To account for the 
pollution potential of exfiltrating wastewater with its prejudicial impact on 
groundwater, an integrated management approach for rehabilitation planning is 
urgently needed.  
To this end, a first step would consist in the determination of direct correlations 
of CCTV recorded damages, soil characteristics, and sewer pipe exfiltration 
rates together with a detailed assessment of methodological uncertainty, 
measuring devices and model input data. This would allow for a reasonable first 
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estimation, which “is better than nothing”. Nevertheless, in sensitive areas, 
precautionary groundwater monitoring is an indispensable prerequisite for 
problem-orientated rehabilitation planning. Groundwater as a vulnerable 
drinking water resource needs to be safeguarded by establishing protection 
zones; this need is even stricter where the costs of groundwater remediation are 
high. To evaluate groundwater contamination with a more integrated approach, 
other sources of groundwater contamination such as agriculture and forestry as 
well as landfills have to be considered. Therefore, the monitoring program has to 
include appropriate marker species and source specific contaminants in order to 
allow a reasonable judgement. More research on the behaviour of micro-
pollutants and endocrine disruptors in the soil passage would allow for a more 
meaningful evaluation of the risk potential of these substances on the 
environment. In this context, the WFD named 33 (groups of) priority substances 
(EN, 2006) to prevent and control chemical pollution of surface waters.  
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7 Summary and outlook 
In order to comprehensively evaluate exfiltration from leaky sewer pipes, 
several methods for determining exfiltration have been thoroughly described. 
One focus has been on tracer tests, which were extensively tested and evaluated 
according to their applicability in real sewer networks. 26 measurements 
conducted with tracer tests have finally been selected, described, and used to 
establish a model on sewer leakage. Furthermore, exfiltration rates obtained in 
different studies were assessed and compared with regard to a joint modelling 
approach. Another spotlight was on modelling of sewer deterioration using 
CCTV data and sewer and catchment characteristics applying data mining, 
significance testing, and regression analysis.  
 
Evaluation of methods to assess sewage exfiltration  
Laboratory investigations specify the processes of exfiltration and succeeding 
colmation. This provides understanding of mechanisms under controlled 
conditions; however, it was shown that it is difficult to transfer the results to real 
sewers.  
Investigations on the magnitude of exfiltration from house connections are 
scarce and models are lacking completely. Private sewers should be included in 
the regular schedule of sewer inspection and testing to give a comprehensive 
description of wastewater leakage. This would lead to a more holistic view on 
the performance of sewer systems with regard to leakage and structural 
deterioration. 
On the pipe scale, conventional flow measurements (e.g. Doppler ultrasonic 
probe, weir) are subject to large systematic and random measurement errors and 
therefore prove unsuitable to satisfactorily assess exfiltration. Pressure tests are 
enacted by German federal legislatives to identify leaky sewer pipes. The 
determined boundary conditions allow for a good comparability of leakage rates 
between pipes with similar dimensions, although, leakage rates differ to those 
obtained under real flow conditions. To obtain reliable leakage rates, pressure 
tests should be conducted under non-pressurized conditions to reflect the 
conditions dominating the flow in operational sewer systems. Tracer 
measurements require stationary and sufficient flow as well as constant and low 
background concentrations of the used tracer substances over a certain sewer 
length. The great advantage arising from this approach is the possibility to 
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measure exfiltration rates under normal flow conditions and to assess 
measurement uncertainties. However, additional CCTV records are necessary to 
precisely locate potentially leaky damages.  
On the large scale, groundwater monitoring represents an important and 
indispensable instrument to assess pollution of soil and groundwater caused by 
sewer exfiltration and other sources directly in the medium. A quantification of 
sewer leakage from the aquifer view point is difficult due to the inherent 
simplifications resulting from volume, porosity, flow conditions etc. A balance 
of sewerage flow, rainfall data, and drinking water consumption defines general 
levels of sewer loss and gain. Uncertainties in flow and rainfall data can be 
reduced by using long time series and additional measurements at the small 
scale. It is however difficult to downsize the result on the catchment scale to a 
specific pipe of interest to obtain information for rehabilitation planning.  
For a whole sewer network, high resolution spatial distribution of the afore-
mentioned variables is levelled out; the quantification of exfiltration therefore 
most likely yields small average exfiltration rates, which do not reflect on hot 
spots. This indicates that exfiltration on the large scale is not as relevant as on 
the small scale. Measurements on the small scale with tracer or pressure tests 
identify hot spots of exfiltration and an augmented risk for the groundwater 
resource. This is especially important in vulnerable areas with a short soil 
passage and/or in drinking water protection zones. Such point sources, combined 
with unfavourable conditions, must receive the highest priority in sewerage 
rehabilitation planning. 
 
Assessment of uncertainty 
In the literature, exfiltration results are rarely accompanied by a thorough 
analysis of uncertainty. The strong variability in experimental approaches and 
corresponding leakage rates shows the need to assess uncertainties within a 
measurement. A sensitivity analysis on input parameters within procedural 
measurements should become one essential part of the future research effort.  
Clarifying whether variability is to be attributed to varying pipe conditions or 
methodological inconvenience is one of the most urgent challenges. It is 
therefore proposed to conduct more experiments in real sewer networks, thus 
learning to understand the variability in real sewers. With an assessment of 
measurement uncertainty, as proposed within evaluating the tracer experiments 
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in this study, the variability caused by the measurement as such can be estimated 
on a more scientific basis. The transferability analysis conducted within this 
dissertation revealed that pipe and catchment characteristics do not satisfactorily 
describe exfiltration. Varying pipe structures do thus not significantly contribute 
to the variability of exfiltration. In contrast to this finding, the choice of the 
method is the variable, which most affects the result. But, to assess 
methodological inconveniences long time experiments and repeated experiments 
are necessary, minimizing measurement errors and concluding on effects 
occurring over the long scale to represent real conditions in sewer systems.  
 
Modelling approaches 
The weak correlation between the observed pipe and catchment characteristics 
and exfiltration rate or sewer deterioration for the measurements conducted in 
the frame of this study confirms the findings of the transferability analysis. 
Although major data mining efforts implied realistic relationships between 
sewer deterioration and asset data in particular for a large amount of data as 
available within this work, the attempt of determining sewer sections with high 
failure potential did not lead to encouraging results.  
Only the appropriate experimental design, together with the required amount of 
measurements and data gives information on the significance and variability of 
variables. But, field investigations on exfiltration provide a single value per 
measurement. This, due to financial and temporal restrictions, typically leads to 
a small number of data per study. According to the modelling results of this 
dissertation we should therefore carefully balance cost and benefit of such 
campaigns.  
However, a promising correlation between sewer fill level and exfiltration rate 
resulted from applying Darcy’s law to calculate the leakage factor kf/∆s of the 
soil below the pipe. It has been shown that the transient conditions in 
microbiologically active colmation layers and turbulence in the sewer seem to 
be important variables in modelling sewer exfiltration. Additional knowledge on 
the growth, thickness, conductivity and bioactivity of colmation layers and 
investigations under anaerobic conditions are also essential if the assessment of 
single leaks/pipes is the principal question of interest. Thus, there is an urgent 
need for the integration of knowledge from neighbouring research fields, such as 
soil filters. This can help improving the estimates of model parameters and 
exfiltration as such.   
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A area [A] 
Aleak leakage area [A] 
ANCOVA Analysis of covariance 
ANOVA Analysis of variance 
CCTV closed-circuit television 
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CP construction period 
CREF measured concentration of reference signal 
DN pipe dimension 
DO dissolved oxygen 
DOC dissolved organic carbon 
DoP depth of pipe 
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dwf dry-weather flow 
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g gravitational acceleration [L T-2] 
h water level [L] 
IND indicator pulse 
kf permeability [L T-1] 
kf,colmation permeability of the clogging layer [L T-1] 
L Leakage factor [L T L-1] 
MAT material 
MCS Monte Carlo Simulation 
MIND mass of indicator tracer 
MREF mass of reference tracer 
µ coefficient of outflow 
n number of tests 
Q discharge [V T-1] 
Qex exfiltration flow rate [V T-1] 
QUEST Quantification of exfiltration from sewers with artificial tracers 
QUEST-C Quantification of exfiltration from sewers with artificial tracers - continuous 
dosing 
r radius 
REF reference pulse 
s string 
sig. significance 
SOP standard operation procedure 
t time [T] 
TSS total suspended solids 
WWTP waste water treatment plant 
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Appendix A: Experimental data 
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TAB 18: Extract of CCTV protocol, investigation site GER, italic letters measured (water 
level) or calculated 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Appendix B: Statistical tests: dependent variable sewer leakage 
 
1. Descriptive statistics: dependent variable exfiltration rates from QUEST and 
QUEST-C experiments [% dwf], predictor variables sewer and catchment 
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Appendix A: Experimental data 
1 Parallel measurements 
 
STE: Raw data of QUEST-C experiment 
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FIG 1: Data from QUEST-C experiment STE (see also TAB 1) 
 
TAB 1: Raw data from QUEST-C experiment STE (kursiv values – not considered, mean 
exfiltration of 7 samples in bold letters) 
sampling 
time 
sample 
number c_Li c_Br 
c_Br – 
c_Br_back-
ground 
c_Li/c_Br – 
c_Br_background
(Meas.) 
Li/Br  
(standard) Exfiltration 
08:55 1-1 1.01 2.4 2.20 0.421 0.4036 -0.0428 
09:05 1-2 0.86 0.63 0.33 1.365 0.4036 -2.3825 
09:15 1-3 0.72 1.1 0.80 0.655 0.4036 -0.6219 
09:25 1-4 0.74 2.9 2.61 0.255 0.4036 0.3677 
09:35 1-5 0.83 2.6 2.32 0.319 0.4036 0.2090 
09:45 1-6 0.71 2.5 2.32 0.284 0.4036 0.2963 
09:55 1-7 0.94 2.6 2.40 0.362 0.4036 0.1042 
10:05 1-8 0.87 2.8 2.59 0.311 0.4036 0.2301 
10:15 1-9 0.98 2.3 2.10 0.426 0.4036 -0.0558 
10:25 1-10 0.71 2.5 2.30 0.284 0.4036 0.2963 
mean value without 
outliers 0.87  2.36 0.4036 0.368 0.0880 
 
  
STE: Raw data and peak fit of QUEST-experiment 
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FIG 2: Discharge and output conductivity meter, QUEST-experiment STE 
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FIG 3: Peak fit of pulses and peak-fit resulting residuals, QUEST-experiment STE 
 
TAB 2: Mass losses at different confidence levels, QUEST-experiment STE 
confidence level Mass loss [-] 2.5 % conf. level 97.5 % conf. level 
0.95 0.1464 0.0250 0.1673 
0.9 0. 1464 0.0291 0.1936 
0.8 0. 1464 0.0174 0.1893 
0.6 0. 1464 0.0193 0.1965 
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FIG 4: Histogram of mass losses, QUEST-experiment STE 
 
 
 
 
 
LDA: Raw data of QUEST and QUEST- experiment 
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FIG 5: Discharge and output conductivity meter, QUEST experiment LDA 
 
TAB 3: Mass losses at different confidence levels, QUEST experiment LDA 
confidence level Mass loss [-] 2.5 % conf. level 97.5 % conf. level 
0.95 0.0558 0.0259 0.0897 
0.9 0.0558 0.0293 0.0883 
0.8 0.0558 0.0366 0.0862 
0.6 0.0558 0.0508 0.0840 
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FIG 6: Data of QUEST-C experiment LDA 
 
KRI: Raw data of QUEST and QUEST- experiment 
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FIG 7: Discharge and output conductivity meter, pulses, QUEST-experiment KRI 
 
TAB 4: Mass losses at different confidence levels QUEST experiment KRI 
confidence level Mass loss [-] 2.5 % conf. level 97.5 % conf. level 
0.95 0.0252 0.0154 0.0407 
0.9 0.0252 0.0169 0.0393 
0.8 0.0252 0.0193 0.0371 
0.6 0.0252 0.0225 0.03415 
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FIG 8: Data of QUEST-C experiment KRI 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
KCR: Raw data of QUEST and QUEST-C experiment 
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FIG 9: Discharge and output conductivity meter, QUEST experiment KCR 
 
TAB 5: Mass losses at different confidence levels QUEST experiment KCR 
confidence level Mass loss [-] 2.5 % conf. level 97.5 % conf. level 
0.95 0.0051 0.0066 0.1774 
0.9 0.0051 0.0059 0.0140 
0.8 0.0051 0.0081 0.1751 
0.6 0.0051 0.0133 0.1557 
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FIG 10: Data from QUEST-C experiment KCR 
  
2 Application of QUEST in Dresden 
 
FRN (DD1- suburban area) 
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FIG 11: Output 1 conductivity meter, QUEST-experiment FRN 
 
TAB 6: Mass losses at different confidence levels, QUEST-experiment 
FRN 
confidence level 
[-] 
Mass loss [-] 2.5 % conf. 
level 
97.5 % conf. 
level 
0.95 -0.0041 -0.0011 0.0069 
0.9 -0.0041 -0.00095 0.00599 
0.8 -0.0041 -0.00067 0.005 
0.6 -0.0041 -0.0047 0.1846  
UTH (DD1 suburban area) 
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FIG 12: Output 1 conductivity meter, QUEST-experiment UTH 
 
TAB 7: Mass losses at different confidence levels, QUEST-
experiment UTH 
confidence level 
[-] 
Mass loss [-] 2.5 % conf. 
level 
97.5 % conf. 
level 
0.95 0.0552 0.0238 0.0904 
0.9 0.0552 0.0253 0.0867 
0.8 0.0552 0.0282 0.0807 
0.6 0.0552 0.0317 0.0691  
 
 
 
 
KES (DD1- suburban area) 
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FIG 13: Output 1 conductivity meter QUEST-experiment KESS 
 
TAB 8: Mass losses at different confidence levels, QUEST-
experiment KESS 
confidence 
level [-] 
Mass losses [-] 2.5 % conf. 
level 
97.5 % conf. 
level 
0.95 0.01526 0.00044 0.0448 
0.9 0.01526 0.00061 0.0387 
0.8 0.01526 0.00072 0.0271 
0.6 0.01526 0.00173 0.0207  
WAR (DD1-suburban area) 
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FIG 14: Output conductivity meter QUEST experiment WAR 
 
TAB 9: Mass losses at different confidence levels, QUEST-experiment 
WAR 
confidence level 
[-] 
Mass losses [-] 2.5 % conf. 
level 
97.5 % conf. 
level 
0.95 -0.0035 -0.00014 0.00514 
0.9 -0.0035 -0.00006 0.00443 
0.8 -0.0035 0.00129 0.08896 
0.6 -0.0035 0.00046 0.00243  
  
STA (DD1-suburban area) 
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FIG 15: Discharge and output conductivity meter, QUEST-experiment 
STA 
 
TAB 10: Mass losses at different confidence levels, QUEST-experiment 
STA 
confidence level 
[-] 
exfiltration rate 
[-] 
2.5 % conf. 
level 
97.5 % conf. 
level 
0.95 0.00685 -0.00102 0.01472 
0.9 0.00685 -0.00039 0.01409 
0.8 0.00685 0.00070 0.01300 
0.6 0.00685 0.00252 0.01118  
LUG (DD2-river valley) 
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FIG 16: Output of 1 conductivity meter, QUEST-experiment LUG 
 
 
TAB 11: Mass losses at different confidence levels, QUEST-experiment 
LUG 
confidence level 
[-] 
exfiltration rate 
[-] 
2.5 % conf. 
level 
97.5 % conf. 
level 
0.95 0.01507 6.97E-05 0.04117 
0.9 0.01507 0.000123 0.03765 
0.8 0.01507 0.000222 0.03163 
0.6 0.01507 0.00146 0.02351 
 
 
 
3 Application of QUEST in Berlin 
BIE (MAL) 
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FIG 17: Discharge and output conductivity meter, QUEST-exp.  BIE 
 
TAB 12: Mass losses at different confidence levels, QUEST-exp. BIE 
conf.level exfiltration [-] 2.5 % conf. level 97.5 conf. level 
0.95 0.155 0.107 0.197 
0.9 0.155 0.110 0.193 
0.8 0.155 0.117 0.186 
0.6 0.155 0.127 0.175  
FAL (MAL) 
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FIG 18: Discharge and output conductivity meter, QUEST-experiment FAL 
 
TAB 13: Mass losses at different confidence levels, QUEST-exp. FAL 
conf.level exfiltration [-] 2.5 % conf. level 97.5 conf. level 
0.95 0.0356 0.0061 0.1752 
0.9 0.0356 0.0061 0.1765 
0.8 0.0356 -0.0052 0.1579 
0.6 0.0356 -0.0098 0.2109 
  
HAG (MAL) 
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FIG 19: Discharge and output conductivity meter, QUEST-experiment 
HAG 
 
TAB 14: Mass losses at different confidence levels, QUEST-experiment 
HAG 
conf.level exfiltration [-] 2.5 % conf. level 97.5 conf. level 
0.95 0.0673 0.0139 0.1192 
0.9 0.0673 0.0179 0.1157 
0.8 0.0673 0.0255 0.1092 
0.6 0.0673 0.0398 0.0984  
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FIG 20: Discharge and output conductivity meter, QUEST-experiment SKI 
 
 
TAB 15: Mass losses at different confidence levels, QUEST-experiment 
SKI 
conf.level exfiltration [-] 2.5 % conf. level 97.5 conf. level 
0.95 0.0959 0.0893 0.10721 
0.9 0. 0959 0.0903 0.10617 
0.8 0. 0959 0.0919 0.10460 
0.6 0. 0959 0.0940 0.10246  
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FIG 21: Discharge and output conductivity meter, QUEST-exp. SRI 
 
 
TAB 16: Mass losses at different confidence levels, QUEST-exp. SRI 
conf.level exfiltration [-] 2.5 % conf. level 97.5 conf. level 
0.95 0.1763 0.137 0.1565 
0.9 0. 1763 0.0256 0.2015 
0.8 0. 1763 0.0249 0.2026 
0.6 0. 1763 0.0187 0.206  
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FIG 22: Discharge and output conductivity meter, QUEST-experiment 
ALT 
 
TAB 17: Mass losses at different confidence levels, QUEST-exp. ALT 
conf.level exfiltration [-] 2.5 % conf. level 97.5 conf. level 
0.95 0.0861 0.0318 0.1032 
0.9 0.0861 0.0346 0.1031 
0.8 0.0861 -0.0081 0.1708 
0.6 0.0861 -0.0132 0.1738  
  
4 Application of QUEST-C in Berlin and Dresden 
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FIG 23: Data from QUEST-C experiment GER 
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FIG 24: Data from QUEST-C experiment SCA 
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FIG 25: Data from QUEST-C experiment LOC 
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FIG 26: Data from QUEST-C experiment EKZ 
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FIG 27: : Data from QUEST-C experiment KET 
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FIG 28: Data of QUEST-C experiment SAL 
 
 
 
 
 
 
5 CCTV report and assessment of leakage area 
TAB 18: Extract of CCTV protocol, investigation site GER, italic letters measured (water level) or calculated 
leakage area [mm²] name of 
pipe 
Diameter 
[mm] 
slope 
[-] 
Length 
[m] 
Defects extent  
defect 
unit Water 
level 
[cm] 
wetted 
perimeter 
[mm] 
Q [ls-1] filling 
20% (Manning-
Strickler) 
minimum maximum medium 
96196110 200 0.00222 49.6 Circumferential crack 0.50 mm 40 185.46 1.34 92.73 92.73 92.73 
96196111 200 0.00171 41.04 Circumferential crack 0.50 mm 40 185.46 1.18 92.73 92.73 92.73 
97192108 200 0.00259 42.44 vertical deformation, dropped invert 5.00 % 40 185.46 1.34    
    Roots in pipe connection 0.20 cm 40 185.46  185.46 370.92 370.92 
97192115    no data  50 231.82     
97192104 250 0.00210 66.62 complex crack, missing pieces of wall 1.00 mm 50 231.82 1.9 231.82 231.82 231.82 
    Roots in pipe connection 0.20 cm 50 231.82  231.82 463.65 463.65 
    Roots in pipe connection 0.20 cm 50 231.82  231.82 463.65 463.65 
    Roots in pipe connection 0.20 cm 50 231.82  231.82 463.65 463.65 
    vertical deformation, dropped invert 10.00 % 50 231.82     
    Roots in pipe connection 0.20 cm 50 231.82  231.82 463.65 463.65 
    Roots in pipe connection 0.10 cm 50 231.82  231.82 231.82 231.82 
    Roots in pipe connection 0.20 cm 50 231.82  231.82 463.65 463.65 
    Roots in pipe connection 0.20 cm 50 231.82  231.82 463.65 463.65 
    Roots in pipe connection 0.20 cm 50 231.82  231.82 463.65 463.65 
    Roots in pipe connection 0.10 cm 50 231.82  231.82 231.82 231.82 
    Roots in pipe connection 0.10 cm 50 231.82  231.82 231.82 231.82 
    Roots in pipe connection 0.10 cm 50 231.82  231.82 231.82 231.82 
    Encrustation, reduction in cross-section 1 % 50 231.82     
97193106 250 0.00856 45.54 Roots in pipe connection 0.20 cm 50 231.82 4.2 231.82 463.65 463.65 
    Roots in pipe connection 0.50 cm 50 231.82  231.82 1159.12 1159.12 
    Roots in pipe connection 0.10 cm 50 231.82  231.82 231.82 231.82 
    Roots in pipe connection 0.10 cm 50 231.82  231.82 231.82 231.82 
    Roots in pipe connection 0.20 cm 50 231.82  231.82 463.65 463.65 
    Roots in pipe connection 0.20 cm 50 231.82  231.82 463.65 463.65 
    Roots in pipe connection 0.20 cm 50 231.82  231.82 463.65 463.65 
    Roots in pipe connection 0.20 cm 50 231.82  231.82 463.65 463.65 
    complex crack, missing pieces of wall 1.00 mm 50 231.82  231.82 231.82 231.82 
97193105 300 0.00097 51.72 Roots in pipe connection 0.40 cm 60 278.19 1.99 278.19 1112.75 1112.75 
  
    Roots in pipe connection 0.20 cm 60 278.19  278.19 556.38 556.38 
    Circumferential crack 1.00 mm 60 278.19  278.19 278.19 278.19 
    vertical deformation, dropped invert 15.00 % 60 278.19     
    surface damage: spelling connecting 
pipe 
 60 278.19     
    vertical deformation, dropped invert 10.00 % 60 278.19     
    vertical deformation, dropped invert 10.00 % 60 278.19     
97194101 250  54.05 vertical deformation 1.00 cm 50 231.82 1.99  2318.24 1159.12 
    longitudinal crack 0.50 mm 50 231.82  115.91 115.91 115.91 
    Encrustation, reduction in cross-section 2.00 % 50 231.82     
97194104 250  64.50 Roots in pipe connection 0.80 cm 50 231.82 1.99  1854.59 1854.59 
    obstacle, recuction in cross-section, 
roots 
15.00 % 50 231.82  231.82 231.82 231.82 
    Circumferential crack 1.00 mm 50 231.82  231.82 231.82 231.82 
97194103 250  65.10 Roots in pipe connection 0.10 cm 50 231.82 1.99 231.82 231.82 231.82 
    vertical deformation, dropped invert 15.00 % 50 231.82     
    vertical deformation, dropped invert 15.00 % 50 231.82     
    vertical deformation, dropped invert 15.00 % 50 231.82     
    longitudinal crack 1.00 mm 50 231.82  231.82 231.82 231.82 
97193102 250  69.91 longitudinal crack 1.00 mm 50 231.82 1.99 231.82 231.82 231.82 
    surface damage: spelling connecting 
pipe 
 50 231.82     
    vertical deformation, dropped invert 15.00 % 50 231.82     
    Encrustation, reduction in cross-section 2.00 % 50 231.82     
97193106 300 0.00055 54.36 Roots in pipe connection 0.20 cm 60 278.19 1.49 278.19 556.38 556.38 
    Encrustation, reduction in cross-section 2.00 % 60 278.19     
97193105 300  51.72 complex crack, missing pieces of wall 1.00 mm 60 278.19 1.49 278.19 278.19 278.19 
    Roots in pipe connection 0.20 cm 60 278.19   556.38 556.38 
    Encrustation, reduction in cross-section 1.00 % 60 278.19     
97193104 300  56.03 vertical deformation, dropped invert 10.00 % 60 278.19 1.49    
    obstacle, recuction in cross-section 10.00 % 60 278.19     
    Roots in pipe connection 0.20 cm 60 278.19     
    Encrustation, reduction in cross-section 1.00 % 60 278.19     
97191101 300 0.00135 52.01 Roots in pipe connection 0.20 cm 60 278.19 2.36  556.38 556.38 
    Circumferential crack 1.00 mm 60 278.19  278.19 278.19 278.19 
… … … … … … … … … … … … … 
 
 
 
Appendix B: Statistical tests: dependent variable sewer leakage 
 
1. Descriptive statistics: dependent variable exfiltration rates from 
QUEST and QUEST-C experiments [% dwf], predictor variables 
sewer and catchment characteristics 
 
TAB 19: Test of normality dependent variable exfiltration rate 
Percentile 
     year              dimension         
Mean n 5 25 75 95 
 1900-1930  < 300 0.0230 6 0.000 0.000 0.041 0.055 
   300 – 600 0.1153 9 0.000 0.029 0.146 0.421 
 1960-1980  < 300 0.0673 1 0.067 0.067 0.067 0.067 
   300 – 600 0.0838 9 0.005 0.025 0.155 0.188 
Percentile 
     year             catchment 
Mean n 05 25 75 95 
 1900-1930  HEL 0.024 4 0.000 0.026 0.041 .0411 
   DD1 0.015 5 0.000 0.000 0.015 .0552 
   MAL 0.167 6 0.056 0.086 0.205 .4209 
 1960-1980  LR 0.080 7 0.005 0.025 0.155 .1763 
   MAL 0.087 3 0.023 0.023 0.188 .1880 
 
 
2. Statistical inference: dependent variable leakage factors [ms-1m-1], 
predictor variables catchment, method, and location 
TAB 20: Test of normality 
Kolmogorov-Smirnov(a) Shapiro-Wilk 
catchment Statistic n Sig. Statistic df Sig. 
AAC 0.244 7 0.200* 0.863 7 0.160 
LAB 0.360 24 0.000 0.448 24 0.000 
VEIT 0.219 20 0.013 0.852 20 0.006 
LR 0.176 8 0.200* 0.962 8 0.833 
MAL 0.340 7 0.014 0.783 7 0.028 
method 
Blocking 0.442 31 0.000 0.429 31 0.000 
Gravitational 0.285 35 0.000 0.611 35 0.000 
Location 
Sewer 0.293 42 0.000 0.593 42 0.000 
laboratory 0.360 24 0.000 0.448 24 0.000 
(a) Lilliefors Significance Correction 
* This is a lower bound of the true significance 
  
TAB 21: Levene test of equality of error variances 
predictor 
variable 
grouping 
variable F df1 df2 Sig. 
Blocking 23.014 1 25 0.000 catchment Gravitational 1.304 1 13 0.247 
method Catchment 10.737 1 40 0.002 
 
Predictor variable method F df1 df2 Sig. 
defect 23.014 1 25 0.000 
pipe 1.304 1 13 0.274 
 
TAB 22: Kruskal Wallis analysis 
grouping variable predictor groups significance probability (bootstrap samples) 
Catchment blocking 
all 
AAC-LAB 
AAC-VEIT 
VEIT-LAB 
0.000 
0.008 
0.000 
0.477 
0.076 
0.057 
0 
1 
Catchment gravitational 
all 
LAB-LR/MAL 
LR-MAL 
0.000 
0.000 
0.470 
0 
0 
0.105 
Catchment location sewer 
all 
LR-MAL 
AAC-MAL 
AAC-LR 
AAC-VEIT 
LR-VEIT 
MAL-VEIT 
0.000 
0.247 
0.073 
0.142 
0.000 
0.002 
0.000 
0.002 
0.105 
0.036 
0.095 
0 
0.003 
0.003 
Location blocking gravitational  
0.157 
0.000 
0.31 
0.00 
Method catchment LAB  0.002 0 
Method 
location sewer 
location 
laboratory 
 0.000 0.002 
0.001 
0.000 
 
 
 
 
 
 
 
TAB 23: Tests of Between-Subjects Effects ANCOVA 
Source Sum of Squares F Sig. Eta² 
Corrected Model 0.106 9.620 0.000 0.330 
Intercept 0.014 2.536 0.119 0.061 
catchment 0.001 0.18 0.674 0.005 
method 0.052 9.383 0.004 0.194 
Error 0.214    
 
TAB 24: Tests of Between-Subjects Effects ANOVA 
Variable 
method Source 
Sum of 
Squares F Sig. Eta
2 
Corrected Model 0.009 21.008 0.000 0.457 
Intercept 0.009 21.080 0.000 0.457 
Catchment 0.009 21.008 0.000 0.457 Blocking 
Error 0.011    
Corrected Model 0.021 1.545 0.236 0.106 
Intercept 0.207 15.368 0.002 0.542 
Catchment 0.021 1.545 0.236 0.106 
Gravi-
tational 
Error 0.175    
 
  
Appendix C: Statistical tests: dependent variable sewer deterioration 
 
1. Input data for rank variance analysis (u-test) - Analysis of different inspectors 
 
1 2   
dimension 
[mm] 
material construction 
period 
Dist. Elbe inspector dimension 
[mm] 
material construction 
period 
Dist. Elbe inspector amount of 1 amount of 2 
300-600 concrete >1899 5 Blasche 300-600 concrete >1899 5 Klu 52 15 
300-600 concrete 1900-1916 5 Blasche 300-600 concrete 1900-1916 5 Klu 85 15 
300-600 concrete 1929-1945 5 Blasche 300-600 concrete 1929-1945 5 Klu 30 24 
300-600 concrete >1899 5 Blasche 300-600 concrete >1899 5 SEDD 56 84 
300-600 concrete 1900-1916 5 Blasche 300-600 concrete 1900-1916 5 SEDD 84 455 
300-600 concrete 1929-1945 5 Blasche 300-600 concrete 1929-1945 5 SEDD 30 117 
300-600 concrete >1899 5 Blasche 300-600 concrete >1899 5 Heydrich 56 21 
300-600 concrete 1900-1916 5 Blasche 300-600 concrete 1900-1916 5 Heydrich 85 35 
300-600 concrete 1929-1945 5 Blasche 300-600 concrete 1929-1945 5 Heydrich 30 14 
300-600 concrete >1899 5 SEDD 300-600 concrete >1899 5 Heydrich 84 21 
300-600 concrete 1900-1916 5 SEDD 300-600 concrete 1900-1916 5 Heydrich 445 35 
300-600 concrete 1917-1928 5 SEDD 300-600 concrete 1917-1928 5 Heydrich 70 35 
300-600 concrete 1929-1945 5 SEDD 300-600 concrete 1929-1945 5 Heydrich 117 14 
300-600 concrete >1899 5 Klu 300-600 concrete >1899 5 Heydrich 15 21 
300-600 concrete 1900-1916 5 Klu 300-600 concrete 1900-1916 5 Heydrich 15 35 
300-600 concrete 1929-1945 5 Klu 300-600 concrete 1929-1945 5 Heydrich 24 14 
300-600 concrete >1899 5 SEDD 300-600 concrete >1899 5 Klu 84 15 
300-600 concrete 1900-1916 5 SEDD 300-600 concrete 1900-1916 5 Klu 445 15 
300-600 concrete 1929-1945 5 SEDD 300-600 concrete 1929-1945 5 Klu 117 24 
 
  
2. Input data for rank variance analysis (u-test) - Analysis of distance to the river Elbe 
 
1 2   
Dimension 
[mm] 
Material construction 
period 
Inspector Dist_river 
[m] 
Dimension 
[mm] 
Material construction 
period 
Inspector Dist_river 
[m] 
amount of 1 amount of 
2 
300-600 concrete 1900-1916 Blasche > 300 300-600 concrete 1900-1916 Blasche < 600 18 29 
300-600 concrete 1900-1916 SEDD > 300 300-600 concrete 1900-1916 SEDD < 600 19 21 
300 Clay > 1990 SEDD > 300 300 Clay > 1990 SEDD < 600 9 10 
            
300-600 concrete > 1899 SEDD < 600 300-600 concrete > 1899 SEDd < 1000 10 17 
300-600 concrete 1900-1916 SEDD < 600 300-600 concrete 1900-1916 SEDD < 1000 21 22 
            
300-600 concrete > 1899 SEDD < 1000 300-600 concrete > 1899 SEDD > 1000 17 84 
300-600 concrete 1900-1916 SEDD < 1000 300-600 concrete 1900-1916 SEDD > 1000 22 445 
300-600 Clay 1946-1989 SEDD < 1000 300-600 Clay 1946-1989 SEDD > 1000 12 30 
300-600 Clay > 1990 SEDD < 1000 300-600 Clay > 1990 SEDD > 1000 12 40 
 
 
3. Input data for rank variance analysis (u-test) - Analysis of dimensions 
 
1 2   
Dimension [mm] Material construction period Dimension [mm] Material construction period amount of 1 amount of 2 
300 concrete 1900-1916 300-600 concrete 1900-1916 9 1584 
300 Clay 1900-1916 300-600 Clay 1900-1916 95 80 
300 concrete 1917-1928 300-600 concrete 1917-1928 23 620 
300 Clay 1917-1928 300-600 Clay 1917-1928 134 125 
300 concrete 1929-1945 300-600 concrete 1929-1945 30 475 
  
300 Clay 1929-1945 300-600 Clay 1929-1945 136 180 
300 concrete 1946-1989 300-600 concrete 1946-1989 9 125 
300 PVC 1946-1989 300-600 PVC 1946-1989 60 42 
300 Clay 1946-1989 300-600 Clay 1946-1989 124 99 
300 PVC > 1990 300-600 PVC > 1990 62 28 
300 ductile cast iron > 1990 300-600 ductile cast iron > 1990 44 52 
300 concrete > 1990 300-600 concrete > 1990 10 378 
300 Clay > 1990 300-600 Clay > 1990 777 288 
300-600 concrete >1899 600-900 concrete >1899 703 197 
300-600 masonry >1899 600-900 masonry >1899 121 194 
300-600 concrete 1900-1916 600-900 concrete 1900-1916 1584 380 
300-600 concrete 1917-1928 600-900 concrete 1917-1928 920 95 
300-600 concrete 1929-1945 600-900 concrete 1929-1945 475 145 
300-600 concrete 1946-1989 600-900 concrete 1946-1989 125 23 
300-600 concrete > 1990 600-900 concrete > 1990 378 97 
600-900 concrete >1899 900 concrete >1899 197 178 
600-900 masonry >1899 900 masonry >1899 194 73 
600-900 concrete 1900-1916 900 concrete 1900-1916 380 404 
600-900 concrete 1917-1929 900 concrete 1917-1929 95 118 
600-900 concrete 1929-1945 900 concrete 1929-1945 145 138 
600-900 concrete 1946-1989 900 concrete 1946-1989 23 9 
600-900 concrete > 1990 900 concrete > 1990 97 39 
  
4. Input data for rank variance analysis (u-test) - Analysis of material 
 
1 2   
material dimension [mm] construction period material dimension [mm] construction period amount of 1 amount of 2
concrete <300 >1899 Clay <300 >1899 0 0 
concrete 300-600 >1899 Clay 300-600 >1899 703 203 
concrete 600-900 >1899 Clay 600-900 >1899  0 
concrete <900 >1899 Clay <900 >1899 173 0 
concrete <300 1900-1916 Clay <300 1900-1916 9 95 
concrete 300-600 1900-1916 Clay 300-600 1900-1916 1584 80 
concrete 600-900 1900-1916 Clay 600-900 1900-1916  0 
concrete <900 1900-1916 Clay <900 1900-1916 411 0 
concrete <300 1917-1928 Clay <300 1917-1928 23 134 
concrete 300-600 1917-1928 Clay 300-600 1917-1928 620 125 
concrete 600-900 1917-1928 Clay 600-900 1917-1928  0 
concrete <900 1917-1928 Clay <900 1917-1928 118 0 
concrete <300 1929-1945 Clay <300 1929-1945 30 136 
concrete 300-600 1929-1945 Clay 300-600 1929-1945 475 180 
concrete 600-900 1929-1945 Clay 600-900 1929-1945  0 
concrete <900 1929-1945 Clay <900 1929-1945 138 0 
concrete <300 1946-1989 Clay <300 1946-1989 9 124 
concrete 300-600 1946-1989 Clay 300-600 1946-1989 125 99 
concrete 600-900 1946-1989 Clay 600-900 1946-1989   
concrete <900 1946-1989 Clay <900 1946-1989 9 0 
concrete <300 >1990 Clay <300 >1990 10 777 
concrete 300-600 >1990 Clay 300-600 >1990 378 288 
concrete 600-900 >1990 Clay 600-900 >1990  0 
concrete <900 >1990 Clay <900 >1990 39 10 
  
Appendix D: Calculation of sample sizes for a 4x3x3 ANOVA 
 
Main effects  
A with 4 groups, B with 3 groups, C with 3 groups    = 4x3x3 = pxqxr 
TAB 25: Sample size for 4x3x3 ANOVA main effects 
Degrees of freedom dF sample sizes n to prove a medium effect α = 0.051  
dFA = p-1
dFB = q-1
dFC = r-1
 
n = 45
n = 52
n = 52
Sum: n = 147
1Bortz and Döring, 2002 
 
Interactions of first order  
Number of cells in a 4x3x3 table: 36 cells 
1
36
)1)(1( ++−= dFnncell  
cellnn ⋅= 36  
 
TAB 26: Sample size for 4x3x3 ANOVA interactions first order 
Degrees of freedom dF sample sizes to prove a medium effect α = 0.051 
dFAxB = (p-1)(q-1)
 = 6 
dFBxC = (q-1)(r-1) = 4 
dFCxA = (r-1)(p-1) = 5 
 
 
ncell = 7 
ncell = 6.3 ≈ 7 
ncell = 6.3 ≈ 7 
 
optimal number of samples n = 252 
1Bortz and Döring, 2002 
 
 
 
